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Abstract 
This thesis consists of two parts: unipolar diffusion charging of nanoparticles and 
its application on the method development of surface-area measurements.  
The electrical capacitance of aerosol particles indicates their potential diffusion 
charging level, which is important for their classification by electrical mobility, 
precipitation (removal or collection) in electrical fields, and morphology characterization. 
A minimum potential energy method was used to calculate the electrical capacitance for 
agglomerates composed of equally sized spherical primary particles (PPs). By 
discretizing the particle surface using finite spherical elements, as net charge only resides 
on the surface of an isolated conductor, this method was extended to calculate the 
capacitance of arbitrarily shaped particles. Based on the capacitance, the charge of these 
particles was obtained by diffusion charging theory. In addition, the dynamics of 
capacitance and mean charge of agglomerate during sintering or coalescence (at constant 
particle volume) to aggregates and finally to compact structures was computed and found 
in agreement with sparse experimental data. Particle morphology strongly affects the 
capacitance and mean charge of fractal-like particles. For example, both decreased by 
60% upon full coalescence or sintering of an agglomerate consisting initially of 128 PPs.  
Although geometric surface area (GSA) of nanoparticles has received much 
attention in many fields (drug delivery, catalysts, inhalation exposure, toxicity, etc.), no 
appropriate instruments and methods for online measurements of GSA are readily 
available. Therefore, this study intends to develop a Geometric Surface Area Monitor 
  v 
(GSAM) to measure the GSA of spherical as well as model agglomerate/aggregate 
nanoparticles in nearly real-time. The GSAM has two versions: 1. The GSAM (I) consists 
of several existing techniques in series, including inertial impaction, unipolar charging, 
electrostatic precipitation, and electrical current measurement. The GSAM (I) was first 
evaluated and calibrated by measuring the GSA of monodisperse nanoparticles. 
Spherical, aggregate, and agglomerate nanoparticles were tested in the calibration. It was 
found that the measured electrical current was proportional to the surface area 
concentration. The calibration curves obtained from the measurements of monodisperse 
particles was then applied for polydisperse spherical particles and compared the 
measured GSA with that determined by the well-known scanning mobility particle sizer 
(SMPS) where the GSAM (I) had less than 10% of deviation compared with SMPS. 2. In 
the GSAM (II), the commercialized nanoparticle surface area monitor was used and 
slightly modified. The instrument responses under two different conditions were 
combined in a weighted sum (WS) fashion to correlate with the aerosol GSA 
concentration. We present the GSA concentration results and comparisons with well-
known SMPS data in both laboratory testing and field measurement. For the laboratory 
testing, the two methods have a good agreement with a Pearson correlation coefficient of 
0.9961; for the field measurements including the indoor and outdoor samplings, both 
methods agree well with each other. In addition, the new WS method is more stable in the 
clean indoor air and suitable for outdoor environmental sampling with a slight 
overestimation (125% of SMPS). 
  vi 
These three studies below comprise parts of the main body of this dissertation and 
have been published.  
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Chapter 1: Introduction 
1.1 Background  
1.1.1 Unipolar diffusion charging of arbitrarily shaped particles  
Electrical diffusion charging of aerosol particles plays an important role in the 
research of gas borne particles including aerosol instrumentation (White, 1951; Pui et al., 
1988), materials production from aerosols (Vemury & Pratsinis, 1995; Hogan & Biswas, 
2008), air pollution control (Gentry, 1972), determination of the size distribution of fine 
particles by measuring their electrical mobility (Kirsch and Zagni’tko, 1981; Reischl et 
al., 1996), and atmospheric aerosol physics (Fuchs, 1963). In the diffusion charging 
process, either bipolar or unipolar ion environments were provided to charge the particles 
in order to accomplish various charging tasks. Unipolar diffusion charging has become 
more attractive than bipolar diffusion charging as unipolar diffusion charging does not 
reach an equilibrium charge distribution, thereby offers higher charging efficiency.  
Most diffusion charging theories (White 1951; Fuchs, 1963; Liu & Pui, 1977) that 
have been widely and successfully used assume spherical particles. However, in addition 
to spherical particles, agglomerates and aggregates are also ubiquitous in atmospheric 
aerosol physics, air pollution control, and material production. In fact, chain aggregates 
occupy a large portion of the ultrafine atmospheric aerosol in urban and industrial areas. 
Furthermore, several previous studies (Rogak and Flagan, 1992; Chang, 1981) showed 
the effect of particle morphology on unipolar diffusion charging processes in both 
	
 
 
 
 
 
 
 
 
 
2 
theoretical and experimental ways (Oh et al. 2004; Shin et al. 2010; Wang et al. 2010). 
Thus, the unipolar charging properties of particles in arbitrary shapes deserve a more 
sophisticated study.  
 
1.1.2 Particle surface-area measurement 
The surface area of particles is of great interest in many fields, such as exposure to 
and toxicity of airborne particles, drug delivery, and catalysts manufacturing and 
application. For instance, Oberdörster (2000) found the adverse health effects caused by 
the particles correlated highly with the total particle geometric surface area (GSA). 
Surface area also plays an important role in the field of drug delivery. Redhead et al. 
(2001) tested the drug delivery of nanodrugs (150 nm particles loaded with Rose Bengal) 
and suggested that the low drag loading and an initial burst of drug release were all 
attributed to the high surface area of particles compared to the volume. It is therefore 
strongly desirable to measure particle surface area, for example, during a manufacturing 
process to monitor the exposure or product quality, or during toxicological tests to 
accurately predict the dose in the form of surface area for different systems.  
Several approaches are available to directly measure the surface area of particles. 
The Brunauer–Emmett–Teller (BET) (Brunauer, Emmett, & Teller, 1938) method 
estimates the capability of a pile of powders (not airborne particles) to adsorb gas 
molecules (e.g., nitrogen) and is considered as a reference method. However, its detection 
limit of the surface area is as high as 0.02 m2 (Lebouf et al., 2011), which corresponds to 
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6.37E+11 nonporous spherical nanoparticles in 100 nm. In other words, the method 
requires at least a continuous sampling for 71 h of the 100 nm particles with the 
concentration of 1E+5 particles/cm3 (a high but still reasonable indoor or outdoor 
concentration) at the flow rate of 1.5 lpm. Another offline technique is transmission or 
scanning electron microscopy that can estimate surface area from two-dimensional 
projections of particle images. However, it is a very laborious and time-consuming 
method and hence typically only a limited number of particle images can be analyzed. 
Consequently, it may not be valid to calculate the total surface area from small amounts 
of image samples. 
The main issue of the above methods is that they are offline and time consuming. 
A real-time and ideally mobile measurement is more desirable for aerosol particles since 
giving temporal and spatial distributions are important and of great interest (e.g., for 
mobile emissions from travelling vehicles). Right now, a quasi-real-time surface area 
measurement is available by the scanning mobility particle sizer (SMPS) by converting 
the particle mobility diameter to equivalent surface area assuming spherical particles with 
a time resolution of typically between 50 and 300 seconds. However, strict regulations 
apply to the use of the radioactive Po-210 and Kr-85 that are required to neutralize the 
aerosol.  
A widely-applied approach that combines diffusion charging with subsequent 
measurement of the particle induced electrical current can quickly approximate particle 
surface area. This method can obtain results with a time resolution of one second (or even 
below) and with low detection limit, e.g., 200 particles/cm3 for monodisperse 50 nm 
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particles for Electrical Aerosol Detector (EAD, model 3070A, TSI Inc, Shoreview, MN, 
TSI data sheet, 2004). However, the instrument response is not proportional to the 
geometric surface area (GSA) concentration, but a metric also known as Fuchs or active 
surface area that is kinetically limited. In the free molecular and continuum regime, the 
active surface area is theoretically proportional to a certain power of the particle 
diameter, i.e. d2.0 and d1.0, respectively (Pandis et al., 1991). In between the two regimes 
(i.e., transition regime including most nanoparticles) the active surface area is still a 
power law of d with the power varying between 1.0 and 2.0. Instruments based on this 
principle include LQ1-DC (Matter Aerosol, Wohlen, Switzerland), Nanoparticle Surface 
Area Monitor (NSAM, model 3550, TSI Inc, Shoreview, MN, Fissan et al., 007, Shin et 
al., 2007), DiSCmini (Testo AG, Lenzkirch, Germany, Fierz et al., 2011), Partector 
(Naneos Particle Solutions, Windisch, Switzerland, Fierz et al., 2013), NanoTracer 
(Oxility BV, Best, Netherlands, Marra et al., 2010) and PPS-M Particle Sensor (Pegasor 
Oy, Tampere, Finland, Järvinen et al., 2015) 
Until now, no appropriate methods are available to measure the GSA of particles. 
The GSA is stated previously to correlate well with particle adverse health effect and 
drug loading. In addition, Schmid & Stoeger (2016) stated that, for non-porous nearly 
spherical particles, the GSA can be used as “biologically most relevant dose metric” for 
nanoparticle pulmonary toxicity. After all, the GSA is the very original surface area that 
involves minimum assumptions. Thus, it can derive other surface areas easily with 
assumptions according to the situations, e.g., active surface area when considering the ion 
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attachment ability or lung deposited surface area (LDSA) when considering the particle 
deposition in the lung of a reference worker. 
 
1.2 Research objective  
The objectives of this study were to 1) develop a method to model the self-
capacitance and mean charge of arbitrarily shaped particles and 2) develop a novel 
method to measure the aerosol geometric surface area in real-time. 
Particle self-capacitance indicates the ability of a body to store electrical charges. 
For the self-capacitance modelling, we extended the approach of Brown & Hemingway 
(1995) from loose agglomerate to arbitrarily shaped particles. For the particle 
morphology modelling, agglomerates undergoing viscous flow sintering through 
multiparticle coalescence were simulated and evolution of aggregate capacitance was 
calculated. Finally, we simulate the evolution of aggregate charge during the sintering, 
using Chang’s (1981) theory for particle charge based on capacitance. 
The geometric surface area monitor for aerosol should be cost-effective real-time. 
A geometric surface area monitor (GSAM version I) was developed and composed of 
several existing techniques in series, including inertial impaction, unipolar charging, 
electrostatic precipitation, and electrical current measurement. In the GSAM (version II), 
the commercialized nanoparticle surface area monitor was used and slightly modified. 
The instrument responses under two different conditions were combined in a weighted 
sum (WS) fashion to correlate with the aerosol GSA concentration. The second version 
had a wider measuring range and easier setup and eliminate the pressure issue in the first 
version in addition. 
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1.3 Dissertation outline 
This dissertation is organized in the following manner. A brief review of the topic 
of this dissertation is presented in this chapter. The next three chapters comprise the main 
body of the dissertation, each based on a separate manuscript that has been published. 
Chapter 2 describes the novel method to simulate the capacitance and charge of 
agglomerated nanoparticles during sintering. Chapter 3 discusses the development of a 
geometric surface area monitor (GSAM version I) for aerosol nanoparticles by combining 
the inertial impaction, unipolar charging, electrostatic precipitation, and electrical current 
measurement. Its application is demonstrated by measuring the geometric surface area 
(GSA) concentration of polydisperse aerosols and comparing data with the standard 
method. Chapter 4 describes the novel weighted sum method to measure particle 
geometric surface area in real time (GSAM version II). Its application is demonstrated by 
measuring the GSA concentration of the aerosols in both indoor and outdoor 
environments. Finally, the conclusion and future works are given in Chapter 5. 
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Chapter 2: The capacitance and charge of agglomerated nanoparticles 
during sintering 
2.1 Introduction 
Particle capacitance indicates the ability of a body to store electrical charges. 
More specifically for aerosol charging, we are interested in self-capacitance of a particle, 
which is the electrical charge that must be added to an isolated particle to raise its 
potential by one unit (Greason, 1992), as opposed to the mutual capacitance between two 
adjacent conductors, such as a capacitor composed of two plates. Chang (1981) proposed 
expressions for the mean charge of arbitrarily shaped particles as a function of their self-
capacitance in unipolar diffusion charging processes. His results were developed based 
on the work of Laframboise and Chang (1977), who extended the continuum regime 
diffusion equation to particles of arbitrary shapes. Rogak and Flagan (1992) and Filippov 
(1994) pointed out that the electric capacitance is affected by particle morphology using 
an analogy between electrostatics and diffusion. 
In addition, the particle capacitance can be used to calculate diffusion charging of 
particles. Chang (1981) showed, for a given charger, the mean charge per particle is 
proportional to the particle capacitance in the continuum regime of charging. Shin et al. 
(2010) showed by simulations that the capacitance of chain-like agglomerates 
(physically-bonded PPs) is larger than that of spheres with the same mobility diameter 
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and the difference increased with increasing PP number per agglomerate. This is in 
agreement with his experiments showing that the mean charge per particle of silver 
agglomerates was about 24% larger than that for fully coalesced silver spheres with the 
same mobility diameter in the mobility size range of 30-200 nm when the measurement 
error for both agglomerates and spheres was within 2%. In addition, Oh et al. (2004) used 
an indirect photoelectric charger and showed that TiO2 agglomerates in the mobility size 
range of 50 nm to 200 nm with a low mass fractal dimension, Dfm, had about 30% more 
charges than spherical particles. Jung and Kittelson (2005) showed that diesel 
agglomerates acquired more charges than nearly spherical NaCl particles by 15 - 17%. 
Wang et al. (2010) observed that the number of charges acquired by compact aggregates 
(chemically- or sinter-bonded PPs) was in-between those of agglomerates and spheres.  
Nonetheless, it is difficult to directly measure the capacitance of airborne particles. 
Therefore, data for capacitance of aerosols are mainly obtained from analytical solutions 
(Serway & Jewett, 2009) or numerical studies (Zhou et al., 1994). Brown & Hemingway 
(1995) used a variational method to calculate the charge distribution for the minimum 
electrostatic energy, thus obtaining the capacitance. Their method is applicable to 
agglomerates of spherical PPs in point contact with arbitrary agglomerate geometry and 
PP size. However, this method is limited to conducting particles with the entire 
agglomerate being at the same electrical potential. Nevertheless, Brown & Hemingway 
(1995) also pointed out that it is not necessary for the particle to be a good conductor, 
only that the charge relaxation time should be shorter than the typical time of observation 
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or life time of aerosols. They argued that this assumption is reasonable for many aerosols, 
except for those with extremely high resistivity over , as for example 
insulating polymer particles. Brown & Hemingway’s (1995) method has been used to 
calculate the capacitance of particles in various configurations, including single sphere, 
doublet, triplet, straight and branched chain (Shin et al., 2010). However, only few 3D 
numerical simulations have been done for the spatial charge distribution and capacitance 
of agglomerates with many PPs. Also, little is known about the capacitance of necked 
aggregates that are often formed at high temperatures by sintering during gas-phase 
synthesis of materials (Pratsinis, 1998). 
Here, 3D agglomerates with up to 512 PPs are investigated. The evolution of 
capacitance and mean charge for such agglomerates undergoing sintering or coalescence 
is simulated by generalizing the method of Brown & Hemingway (1995), covering 
particle morphologies from fractal-like agglomerates to aggregates and finally to compact 
spheres. The method was modified to relax the restriction on spherical PPs and calculate 
particles of arbitrary shapes. Unlike agglomerates with spherical PPs in point contact, in 
aggregates PPs are not well defined. Here a given particle with arbitrary shape was 
discretized into fine spherical elements to facilitate the calculation of the minimum 
electrostatic energy. The assumption that the particle is a reasonable conductor is still 
needed, and any net charge on an isolated conductor resides on its surface according to 
Gauss’ theorem (Serway & Jewett, 2009). This means that discretization is only needed 
on the particle surface. Under those assumptions, the method could be applied to any type 
1011  Ω⋅m
	
 
 
 
 
 
 
 
 
 
10 
of particles. Validation was carried out by comparison with analytical (Serway & Jewett, 
2009) and numerical solutions and experiments (Brown & Hemingway, 1995). By 
applying the method to agglomerates undergoing viscous flow sintering through 
multiparticle coalescence simulations (Eggersdorfer et al., 2011), we are able to calculate 
the evolution of aggregate capacitance. So, by applying Chang’s (1981) theory for 
particle charge based on capacitance, we simulate the evolution of aggregate charge 
during sintering. 
 
2.2 Methodology 
2.2.1 Agglomerate and Aggregate Generation 
In this study, the capacitance of diffusion-limited cluster-cluster agglomerates 
(DLCAs) consisting of monodisperse spherical PPs during sintering is investigated. 
These simulations are validated with experiments of agglomerates produced at room 
temperature (Shin et al., 2010). Here such DLCAs are generated numerically from 
initially monodisperse PPs by a hierarchical cluster-cluster algorithm (Botet et al., 1984). 
The agglomerate generation starts with 2n individual PPs. Two PPs are randomly chosen 
from the ensemble and undergo a random walk until they collide and stick to form a 
dimer. The process is repeated with all pairs until 2n-1 dimers are assembled. Then the 
dimers are combined to 2n-2 clusters of four particles and so on until only one single 
agglomerate consisting of 2n PPs is obtained. For each PP number (4, 8, 16, 32, 64, 128, 
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256, and 512), 50 DLCAs are generated. The mobility diameter for DLCA is determined 
by the rotationally projected area in momentum transfer free molecular regime (Sorensen, 
2011).  
Clusters or agglomerates restructure by sintering (Akhtar et al., 1994) from the 
initial agglomerate with a relatively open structure (e.g. DLCA) to a compact aggregate 
with necked PPs, and finally to a single spherical particle. During sintering or 
coalescence, the fractal dimension of the aggregate increases gradually from 1.79 (DLCA) 
to 3.0 (sphere) (Eggersdorfer et al., 2011). Here the change in capacitance and average 
particle charge during viscous flow sintering of fractal-like particles is investigated 
exemplarily with an agglomerate of 128 PPs by multi-particle sintering simulations that 
quantitatively describe the morphology evolution from ramified agglomerates to 
aggregates and compact particles (Eggersdorfer et al., 2011). 
 
2.2.2 Minimization of Electrostatic Energy 
The particle shape with the minimum surface to volume ratio and minimal surface 
energy is a sphere. The capacitance, Cp, of a sphere is (Serway & Jewett, 2009):  
, (1) 
where ε0 is the permittivity of vacuum and a is the sphere radius. However when the 
number of spheres (PPs) increases in an agglomerate, the capacitance calculation is more 
complicated. There is no simple expression even for three spheres in a straight line, not to 
Cp = 4πε0a
	
 
 
 
 
 
 
 
 
 
12 
mention real-world agglomerates for which the number of PPs could be dozens to 
thousands (Wentzel et al., 2003; Shin et al., 2009a) and the resulting structure quite 
complex. Brown & Hemingway (1995) calculated the capacitance of agglomerates and 
the spatial charge distribution accounting for agglomerate structure based on two 
assumptions: (1) spherical PPs are well defined and (2) they are at least slightly 
conductive. The first assumption is fulfilled for most agglomerates; however, it is the 
major limitation of their method for its application to randomly shaped structures like 
aggregates. Five equations determine the capacitance:  
, (2) 
,          (3) 
,          (4) 
,            (5) 
, (6) 
where Qi is the charge on the ith PP, Q is the total charge on the cluster, Φs is the self-
energy of the PPs, ai is the radius for the ith PP, Φi is the pairwise interaction electrostatic 
Qi =Q
i=1
N
∑
Φs =
Qi2
8πε0aii=1
N
∑
Φi =
1
2
QiQj
4πε0 ri − rjj=1
i≠ j
N
∑
i=1
N
∑
∂
∂Qi
Φi +Φs + k Qi −Q
i=1
N
∑⎛⎝⎜
⎞
⎠⎟
⎡
⎣
⎢
⎤
⎦
⎥ = 0 for all i
Cp =
Q2
2 Φi +Φs( )
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energy between every two PPs, ri is the location of the ith PP, and k is the Lagrangian 
multiplier (please see Appendix A.1 for the numerical techniques of solving the above 
equations). 
Here, Eq. 5 is solved to minimize the total electrostatic energy (Φi+Φs) by 
optimizing the distributions of electrical charges on each PP. Charges are balanced in Eq. 
2. With the results of spatial charge distribution on every single PP in Eq. 5, energy terms 
can be obtained by solving Eqs. 3 and 4. Finally, the capacitance is calculated by its 
definition in Eq. 6. The capacitance of the particle can be calculated with arbitrary non-
zero values of Q, even though Q may not necessarily correspond to an actual charge 
value. This is because capacitance is an intrinsic property of the particle, which can be 
validated in Eqs. 2-6.  
The capacitance of agglomerates even with huge amounts of PPs can be 
successfully modeled with the radius and coordinates of each PP. Correlations of 
capacitance for 2D agglomerates (PPs are in the same plane) such as straight chain and 
cross-like ones were developed by Shin et al. (2010). The relationship between the 
normalized agglomerate capacitance, , by that of a single PP, and N could be fitted 
into power laws for 12<N≤300:  
for a chain agglomerate, (7) 
for a branched chain agglomerate with aspect ratio β=1.6,        (8) 
where β equals the length over the width of the particle.  
Cp*
Cp* = 0.58N 0.77
Cp* = 0.47N 0.79
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However, this method is not applicable to particles without well-defined spherical 
PPs, such as compact aggregates.  
  
2.2.3 Discretization 
Since there are no distinct spherical PPs in an aggregate, the method of Brown & 
Hemingway (1995) is modified by discretizing the aggregate with fine spherical 
elements. Based on the fact that the net charge only resides on the surface of an isolated 
conductor, particles are represented by finite elements only on their surfaces in the 
discretization step. Their actual geometries are discretized and represented by a hollow 
cluster consisting of thousands of identical spheres (elements) point-contacted to each 
other on the surface (please see Appendix A.2 for discretization using modified spherical 
coordinates). 
Figs. 2-1a and 2-1b show examples of discretization for a spherical particle and a 
straight chain agglomerate with 11 PPs, respectively. The refinement was varied from 44 
to 30,904 uniform surface elements to estimate the error of discretization. The smaller 
elements are used, the more elements are needed.  
After discretization, Eqs. 2-6 are used to calculate the capacitance. Gaps always 
exist between spheres when we try to construct a smooth body out of spherical elements 
without overlapping. However, as long as a sufficient number of elements are used, the 
effect of the gaps is negligible. The discretization method is validated by comparison 
with previous experimental results. The simulation errors from the discretization for both 
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a spherical particle in Fig. 2-1a and a straight chain agglomerate in Fig. 2-1b are 
compared with experimental data (Brown & Hemingway, 1995) in Fig. 2-2. The relative 
error is defined as the relative difference between the calculated results, S, and 
experimental data, E: . 
In Fig. 2-2, the error is significant when the reconstruction of geometry is too 
coarse compared with the actual one, namely, when the number of used spherical 
elements, n, is too small, e.g. n<44 for the sphere case. Meanwhile, the simulation is 
limited by computer resources. As a result, the acceptable n we used for discretization of 
a spherical particle and straight chain agglomerate with 11 PPs were between 318-30,904 
and 1,948-29,382, respectively. The lower limit was intended to provide satisfactory 
discretization and the upper limit was affected by the time and capacity of computing. 
This algorithm converged faster as the fineness of discretization increases and the errors 
were stable at around 0.3% and 2% for the sphere and chain agglomerate, respectively. 
Thus, as long as sufficient spherical elements are used, the discretizations for both the 
sphere and straight chain particles are valid and give satisfactory results for the 
capacitance. 
 
Error = S − EE
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Fig. 2-1. Discretization of (a) spherical particle with 5,516 elements, and (b) straight 
chain agglomerate with 11 PPs with total 5,512 elements. 
 
Fig. 2-2. The discretization error as a function of number of spherical elements for the 
capacitance of a straight chain agglomerate with 11 PPs (open symbols) and a sphere 
(filled symbols). 
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2.2.4 Theory of diffusion charging for arbitrarily shaped particles 
To calculate the particle charge from its capacitance in diffusion charging, Chang 
(1981) developed a theory to obtain the mean charge per particle for arbitrarily shaped 
clusters by diffusion charging for continuum (Knion<<1) or free molecule (Knion>>1) 
regimes, where Knion is the ionic Knudsen number (=λi/Rp), λi is the mean free path of the 
ion, and Rp is the particle radius. The theory is expressed 
in continuum regime of charging by,  
?
 (9) 
?
 (10) 
or 
?
           (11) 
and in free molecular regime of charging by,  
?
      (12) 
ϕmp
m ⋅m!
⎧
⎨
⎩⎪
⎫
⎬
⎭⎪m=1
∞
∑ = e
2NiDt
kTε0
ϕ p =
e2Np
CpkT
Np  ≅
CpNiDt
ε0
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      ≅ 2CpkTe2
e2NiDt
kTε0
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⎢
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where Np is the mean charge per particle, Ni is the ion concentration in charger, t is 
charging time, D is the ion diffusion coefficient, k is the Boltzmann’s constant, φp is the 
nondimensional surface potential, is the average ion thermal velocity, and Sp is the 
geometric surface area of particles.  
To compare with Shin’s (2010) unipolar diffusion charging data, we use their 
parameters: Nit=2.5×107 s/cm3; 1.15 cm2/V s for the ion mobility; 290 amu for the ion 
mass. Here, the calculated φp is 5.4 by solving Eq. 9, therefore Eq. 10 is used for 
continuum regime of charging.  
 
2.3 Results and Discussion 
2.3.1 The spatial charge distribution & capacitance of agglomerates  
Figs. 2-3a and 2-3b show the spatial charge distribution for a dimensionless 3D 
random fractal-like agglomerate with Df = 1.79 and 128 monodisperse PPs and a compact 
agglomerate due to ballistic particle cluster agglomeration (Witten & Sander, 1981) with 
Df = 2.8 and 128 monodisperse PPs, respectively. Highly charged PPs are located mainly 
in the periphery of agglomerate branches while PPs in the interior are barely charged, in 
order to spread out the charges and minimize the interaction energy (Eq. 5). Such a 
spatial charge distribution could be responsible for the formation of huge but short-lived 
agglomerates during flame synthesis of TiO2 in the presence of external electric fields 
(Fig. 4 in Kammler et al., 2003). Such agglomerates lose their charge upon collection (e.g. 
v
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filtration) forming however unique particle deposition patterns (Vemury & Pratsinis, 
1995) especially on metallic substrates (e.g. particulate films by direct flame deposition).  
 
Fig. 2-3. The spatial charge distribution on (a) a fractal-like and (b) a compact 
agglomerate. The color scale indicates the ratio of the simulated charge to the average 
charge per PP, i.e. Qi/(Q/N). The axes are normalized by the radius of a PP.  
 
In this study, totally 400 DLCAs were simulated. Unlike a straight chain, each 
DLCA has a unique geometrical configuration of PPs and therefore an average over 50 
clusters is used here for each PP number. For agglomerates of 128 PPs, the mean 
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simulated normalized capacitance is 10.89 with a standard deviation of 0.69. The 
relationship between normalized capacitance  and number of PPs (N) for DLCAs is 
fitted into a power law for 4≤N≤512: 
. (13) 
In addition, compact agglomerates composed of PPs are also simulated (Fig. 2-3b) 
and the relationship could be also fitted into a power law for the range of 16≤N≤512: 
. (14) 
The model agrees well with the simulations of Thajudeen et al. (2012) and 
Gopalakrishnan et al. (2013) as shown in Fig. 2-4. The results of these 3D agglomerates 
can be compared with those of 2D clusters in Eqs. 7 and 8. Figure 4 shows the 
comparison of normalized capacitance as a function of PP number among chain 
agglomerates, branched chain agglomerates, DLCAs, and compact agglomerates. It is 
apparent that the capacitance is larger when the particle structure is more open. On open-
structured particles charges can spread out more thus such structures have a lower 
electrical potential energy than compact ones. With consideration of the relation between 
capacitance and particle charge (Chang, 1981), the results here are also in general 
agreement with Oh et al. (2004), Shin et al. (2010) and Wang et al. (2010) who showed 
that open-structured agglomerates can obtain more charges than spherical particles.  
(Cp*)
* 0.520.86pC N=
 
Cp
* = 1.13N 0.41
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Fig. 2-4. Normalized capacitance as a function of the number of constituent PPs for chain 
(dot-broken line), branched chain agglomerate (broken line), DLCA (dotted line and 
circles), and compact agglomerate shown in Fig. 2-3b (double dot broken line and 
triangles).  
 
2.3.2 Mean charge per particle as a function of the mobility diameter  
With the capacitance we obtained, the mean charge per agglomerate and aggregate 
can be obtained by Chang’s (1981) theory. By solving Eq. 9 and substituting the result 
and Eq. 1 into Eq. 10, we obtain:  
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                 (15) 
where φp=5.4 for the charger with Nit=2.5×107 s/cm3. In Fig. 2-5, the mean charge per 
particle is plotted as a function of mobility diameter and comparisons between 
experiments and models are also presented. Open and filled symbols represent the data by 
Shin et al. (2010) for agglomerates with a fractal dimension below 2.0 (PP dp=19.5±6.1 
nm) and fully sintered spheres, respectively; dotted and double-dot broken lines show the 
simulations for DLCAs (consisting of PP with dp=19.5 nm) and equivalent spheres in the 
continuum regime of charging, respectively. The mobility regime is based on the air 
mean free path, whereas the charging regime is based on the ion mean free path. The 
calculated range is not entirely in the free molecular regime for mobility (section 2.1), 
and not entirely in the continuum regime for charging, but we use them as reasonable 
approximations and, for both spherical particles and DLCAs, the model (Chang, 1981) 
agrees well with the experiments by Shin et al. (2010). It is noted that both charging 
efficiency of the unipolar charger and transmission efficiency of the ion trap (removing 
excess ions out of the charger) decrease with decreasing particle size (Forsyth et al., 
1998; Li et al., 2009; Shin et al., 2009b) and are not considered in the model. Since they 
both reduce particle charge, especially for particles below 100 nm, the experimental data 
are slightly lower than the model. To the best of the knowledge, this is the first time that 
this charging model is applied to DLCAs and validated with experiments. Overall, 
Chang’s continuum expression (Eqs. 9 and 10) for both spherical and loose agglomerates 
(error≤±12% when dm≤100 nm; error≤±2% when dm>100 nm) fit the experimental 
Np =
ϕ pkT
e2 Cp =
ϕ pkT
e2 2πε0dpCp
* ,
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results (Knion=0.13-0.51) very well. In this size range, agglomerates have 17% more 
charges per particle on average than spheres of equivalent mobility size. In contrast, if the 
values of capacitance or mean charge for particles composed of the same number of PPs 
are compared, the discrepancies among chain and branched chain agglomerates, DLCAs 
and compact particles can be much larger (Fig. 2-4). This indicates that the particles of 
the same volume but different morphologies can have significantly different charging 
properties. Thus, if coupled with a method to classify particles according to their mass, 
measuring the charge would be more sensitive to distinguish the structures, and 
furthermore structure-related parameters such as the particle surface area compared with 
methods in which the particles are classified according to their mobility diameters. 
 
	
 
 
 
 
 
 
 
 
 
24 
Fig. 2-5. Comparison of mean charge per silver agglomerate (dotted line) and spherical 
(double-dot broken line) particles as a function of the mobility diameter between the 
present model and experiments (open and filled triangles) of Shin et al. (2010).  
 
2.3.3 Capacitance and mean charge evolution during agglomerate sintering or 
coalescence 
Figure 6 shows the capacitance evolution of an exemplary agglomerate consisting 
initially of 128 PPs during viscous flow sintering that is typical of amorphous materials 
such as polymers and silica. The time t is normalized by the characteristic sintering time 
τ0=ηa0/ϒ, with η and ϒ being the particle viscosity and surface energy, respectively, and 
a0 the initial PP radius. At the beginning of the sintering process (t/τ0=0), the agglomerate 
consists of monodisperse PPs of a0=10 nm in point contact having Df = 1.79 
(Eggersdorfer et al., 2011). The PPs approach each other and fuse to minimize the 
resulting aggregate surface area and grow in radius to conserve their mass (t/τ0=1-16) 
until the aggregate fully coalesces to a compact sphere (t/τ0=45) as shown below Figure 6. 
The aggregate restructures during sintering increasing Df from initially 1.79 to finally 3.0 
while the radius of gyration decreases to that of the fully coalesced sphere (Eggersdorfer 
et al., 2011).  
The number of spherical elements was controlled within around 30,000, which 
amounted to around 234 elements per PP for the discretization of agglomerates with 128 
PPs. In comparison, around 240 spherical elements per PP already gave reasonable 
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results for a multiparticle straight chain with a 3% error (Fig. 2-2). At the very beginning 
of sintering (t/τ0=0), the particle was composed of distinct PPs in point contact and 
Brown & Hemingway’s (1995) method was used directly.  
We start with 50 random agglomerates and evolve each one of them at every single 
time step. Their normalized capacitance was averaged at every time step. The variation of 
the normalized capacitance among 50 agglomerates was within ±14% without significant 
changes through the sintering process. The aggregate capacitance during sintering was 
normalized by the capacitance of a PP in the initial agglomerate.  
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Fig.2-6. Evolution of structure (the color contrast is only for visualization), normalized 
capacitance, and mean charge per particle for an initial DLCA with 128 PPs undergoing 
viscous flow sintering. The measured particle charges are from Shin et al. (2010) for 
sintered nearly-spherical silver particles (corresponding to the data points at t/τ0 > 14 and 
dm = 100 nm) and open-structured silver agglomerates (corresponding to the data point at 
t/τ0 = 0 and dm = 180 nm).   
The capacitance decreased dramatically during neck formation between primary 
particles that was accompanied by a significant reduction in surface area and mobility 
diameter (t/τ0<10) (Eggersdorfer et al., 2011). After the threshold of t/τ0=14, the 
capacitance kept stable since the structure changed marginally (Fig. 2-6). The DLCA at 
t/τ0=0 had more than twice of the normalized capacitance of the spherical particle at the 
end of the sintering. These results indicate that agglomerate particle capacitance 
decreases when its structure becomes more compact consistent with the results presented 
in Fig. 2-4 that agglomerate particle capacitance decreases with increasing fractal 
dimension from 1.0 to 3.0 for the same number of PPs. 
At different sintering stages, the particles may be extracted and measured, for 
example, to monitor the morphology. Hypothetically, these particles may be led through 
a unipolar charger and the mean charge per particle is indicative of their morphology. We 
assume that a charger with Nit=2.5×107 s/cm3 is used (corresponding to the TSI 
Nanoparticle Surface Area Monitor NSAM), and calculate the resultant mean charge per 
particle during sintering (Fig. 2-6).  
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Since particle charge is proportional to normalized capacitance as can be seen 
from Eq. 15, the evolution of particle charge shares the same trend with that of 
normalized capacitance. The mean charge of the agglomerate consisting of 128 PPs of 
about 20 nm in diameter (Fig. 2-6, dotted line) decreases from about 10.4 at t/τ0 = 0 to 4.5 
when t/τ0 > 14. This is in good agreement with the measured mean charge per particle 
(Fig. 2-6, symbols) from Shin et al. (2010) for sintered nearly-spherical silver particles 
(corresponding to the data points at t/τ0 > 14 and dm = 100 nm) and open-structured silver 
agglomerates (corresponding to the data point at t/τ0 = 0 and dm = 180 nm). The 
correspondence between the sintering time and the particle mobility diameter was from 
the calculation of dm at each time step during sintering. Electron microscopic images 
showed that the open-structured particles in Shin et al. (2010) already had some neck 
formation. However, these were the charging results for the most open-structured silver 
particles available, as they were formed in the agglomeration chamber at the room 
temperature. Therefore, we use them for comparison with simulated results of DLCAs in 
Figs. 2-5 and 2-6. In any event, the DLCAs do not exactly mimic the silver particle 
structure and the comparison should be taken as intended for particles with similar 
structures. 
 
2.4 Conclusions 
A discretization method to model the capacitance of arbitrarily shaped particles 
such as 3D random agglomerates and aggregates was presented. For the simulated 
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agglomerates with distinct primary particles, Brown & Hemingway’s (1995) method was 
used. For such particle structures, charges were mainly distributed in the periphery or 
edges of agglomerate branches while PPs in the interior were barely charged. The above 
method was extended to arbitrarily shaped particles, including compact aggregates and 
coalesced spheres. Such particles were discretized and represented by finite point-contact 
spherical elements merely on the particle surface and the elements were treated as 
primary particles to enable application of Brown & Hemingway’s method. The accuracy 
of the calculation was improved with increasing number of elements. 
From the obtained capacitance, the mean charge per agglomerate or aggregate in 
the continuum regime of charging was modeled using the theory by Chang (1981). The 
comparison between models and experiments showed that these continuum expressions 
for both agglomerates and spheres agreed well with experimental results. According to 
the models, standard (DLCA) agglomerates with Df = 1.8 had around 17% more charges 
than an equivalent sphere on average in the mobility diameter range of 20 nm to 200 nm. 
With the discretization method, the evolution of the capacitance and mean charge 
for agglomerates undergoing sintering was investigated for the first time. During 
sintering, the capacitance changed dramatically as the initial agglomerate swiftly 
coalesced into a spheroid and kept steady thereafter as the particle structure only changed 
marginally. The capacitance and charge of an exemplary agglomerate consisting initially 
of 128 PPs decreased by more than 50% from the beginning to the end of its sintering or 
full coalescence.  
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Therefore, the results here can be used for on-line monitoring of aerosol synthesis 
and characterization of nanoparticles. If the particles are extracted from the reactor and 
led through a classifier (a differential mobility analyzer or an aerosol particle mass 
analyzer) then into a condensation particle counter and in parallel into a unipolar charger 
followed by a filter connected to an electrometer (Wang et al. 2010), then the signals (the 
ratio of measured current to aerosol number concentration) can be indicative of the 
particle morphology (Figs. 2-4, 2-5, and 2-6), facilitating the control and operation of 
such aerosol processes and the determination of the other geometric properties (e.g. 
geometric surface area) of particles.   
 
Appendix A: 
A.1.  Numerical techniques for using the minimum energy method 
Eq. 5 consists of N linear simultaneous equations. For instance, when i=1, Eq. 5 
becomes  
Qj
4πε0 r1 − rjj=2
N
∑ + Q14πε0a1
+ k = 0 . (16) 
Based on this, we develop an easy-to-code matrix method to solve the Eqs. 2-6 for all 
values of i: 
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X ⋅A = B ⋅Q
where
X[i, j]= 14πε0ai
, if  i = j
X[i, j]= 14πε0 ri − rj
, if  i ≠ j
X[N +1,N +1]= 0
X[N +1, j]= 1
X[i,N +1]= 1
B[i]= 0
B[N +1]= 1
i ∈[1,2...N ]
j ∈[1,2...N ]
, (17) 
X is a (N+1)×(N+1) matrix, A and B are all column vectors of N+1, and Q is a constant 
(Eq. 2). By solving the above equations for vector A, we will have A[1] to A[N] as the 
individual charge (Qi in Eq. 2) on every PP and A[N+1] as the Lagrangian multiplier (k 
in Eq. 5). With individual Qi, the capacitance could be easily calculated. 
 
A.2.  Modified spherical coordinates for discretizing arbitrarily shaped particles 
To discretize arbitrary geometries, we take the advantage of spherical coordinates. 
For instance, the coordinates of the center of an element (x,y,z) for the discretization of a 
spherical particle (Figure 1a) is expressed as: 
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x = Rcosθ sinϕ
y = Rsinθ sinϕ
z = Rcosϕ
where
ϕ ∈[0,dϕ,2dϕ...mdϕ...π ]
θ ∈[0,dθ ,2dθ ...ndθ ...2π ]
dϕ = de
dθ = dϕ / sinϕ
m∈[0,1,2...π / dϕ ]
n∈[0,1,2...2π / dθ ]
, (18) 
R is the radial distance between the center of a PP (the spherical particle is treated as a PP 
in this case) and spherical elements, θ is the azimuthal angle from 0 to 2π, φ is the polar 
angle from 0 to π, and de is the diameter of elements. It is noted that the modification of 
dθ that depends on sinφ is the key to ensure equal size elements point-contact without 
necking.  
For an arbitrarily shaped particle even without distinct PPs, we can still present it as 
PPs necking together (Eggersdorfer et al., 2011). Then we can locate centers of every PP 
and discretize them all by Eq. 18 like the above spherical particle case. After this, the raw 
discretization is finished, however there are still many unnecessary spherical elements. 
They are the ones generated by one PP falling into other PP’s domain, which causes 
calculation failure of Eq. 5. Thus, we have to check the distance between centers of 
spherical elements and between centers of every element and PP in order to eliminate 
unqualified ones.  
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Chapter 3: Development of a geometric surface area monitor (GSAM) 
for aerosol nanoparticles   
 
3.1 Introduction 
By manipulating the response function of diffusion chargers using an electrostatic 
precipitator (ESP), different moments of the particle diameter can be measured, such as 
the number concentration d0.0 (Ranjan & Dhaniyala, 2009) and the GSA d2.0 (Wei, 2007; 
Wei et al., 2007). However, the above measurements were only proven for spherical 
particles and in a narrow size range of 30-90 nm and 20-100 nm, respectively. Using a 
similar concept in the previously mentioned research, in which the voltage of the ion trap 
in NSAM was adjusted for the device response function to match the lung deposition 
curves for measured particles (Fissan et al., 2007), this study further proposes to add an 
impaction treatment for particles before entering a combination of a charger and an 
electrostatic precipitator (ESP). That is, a home-made impactor with 100 nm cutoff 
diameter was applied/or not applied to either (1) allow only particles smaller than 100 nm 
to enter the charging zone and ESP or (2) send all particles into the charging zone without 
impaction separation. Additionally, two different voltages (150 or 1000 V) of the ESP 
were alternatively applied to remove certain fractions of particles according to their 
electrical mobility so that, for monodisperse aerosol at each mobility diameter, the 
measured electrical current correlates well with the particle GSA. As a result, the 
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electrical current of polydisperse aerosol can represent the total GSA very well. That is, 
with or without passing the particles through the impactor and controlling the voltage of 
ESP with low (150 V) or high (1000 V) voltage, the measured current of the penetrated 
particles can be used to determine the GSA for sub-100 nm or particles larger than 100 
nm, respectively. This measurement can be conducted in a few seconds so it can be 
regarded as real-time surface area measurement for particles.  
 
3.2 Methodology and Theory 
3.2.1 Theory for measuring geometric surface area  
The response function of an electrical sensor for a certain particle diameter is 
usually defined as sensitivity (Fissan et al., 2007): 𝑆(𝑑) = &'                                    (1) 
where d is the diameter of the particle, I is the electrical current measured by the 
electrometer, and N is the particle number concentration at the inlet of the instrument. A 
typical electrical sensor using unipolar charging (e.g., NSAM) consists of a unipolar 
charger which charges the aerosols with ions and imposed a certain charge level to 
particles, an ion trap that removes excess free ions, and a Faraday cup (which may 
include an absolute filter) connected to an electrometer that measures the electrical 
current. Unipolar charging will be thoroughly introduced in section 2.2.1. To determine 
geometric surface area (GSA) concentration (in µm2/cm3), the sensitivity should be 
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proportional to the geometric surface area of a single particle. For instance, the 
instrument sensitivity at a specific diameter for a spherical particle has a relationship with 
the diameter: 𝑆(𝑑) ∝ 𝜋𝑑*.                                   (2)  
With this, the total GSA concentration is represented by the integration of sensitivities for 
all sampled particles within the sampled air with a specific volume, which is the total 
electrical current measured by the instrument. 
However, the instrument response in Eq. 2 is difficult to achieve. Wei (2007) 
combined the methods of unipolar diffusion charging, excess ion removal, electrostatic 
precipitation, and electrical current measurement in a row to correlate the measured 
current with the total GSA concentration of particles in the range of 20-100 nm. First, the 
aerosol was charged in the charger into certain charging statuses based on their sizes. 
Then, excess ions were removed by an ion trap. After removing excess ions, the charged 
particles were passed through the ESP, where an electrical field was created, and a 
fraction of particles were forced to deposit according to their electrical mobility (Eq. 3) 
and the applied voltage to the ESP. The electrical mobility of charged particles is defined 
as (Hinds, 1999): 𝑍, = -./01234                                   (3) 
where n is number of elementary charges on the particle, e is elementary charge, Cc is 
Cunningham slip correction factor and Cc=1+Kn[a+b exp(-g/Kn)], a=1.142, b=0.558, 
g=0.999 (Allen & Raabe, 1985), Kn is Knudsen number, and h is gas viscosity. Finally, 
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the electrical current induced by the particles deposited on the ESP was measured. By 
adjusting the voltage applied to the ESP, the response of the system was altered and 
eventually matched the GSA measurement.  
Here, using a similar concept as Wei’s (2007), we developed a stagnation-point-
flow ESP, and placed it into NSAM between the charger and the absolute filter (Fig. 3-1). 
The charging status of unipolar diffusion charger follows a power law pattern (section 
2.2.1); the penetrations of unipolarly charged particles through the ESP can be also fitted 
into power laws (within certain size range) and the powers depends on the voltage of the 
ESP (more detail in Appendix A). Therefore, when combining these two mechanisms 
together, the powers can be added together that allows us to conveniently manipulate the 
data.  By applying different voltages to the ESP, the size distribution of the aerosol 
reaching the Faraday cup (instead of depositing on the ESP as Wei, 2007) can be 
manipulated for the size dependence of the measured current to match Eq. 2, at least for 
certain size ranges, e.g., 16-100 nm and 100-300 nm (two connected but not overlapping 
regimes).  
a) 
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b) 
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Fig. 3-1. (a) The setup of Geometric Surface Area Monitor (GSAM). The ion trap was 
turned off. (b) Schematic cross-section of the working zone of the custom-built ESP. 
 
The sensitivity of the instrument can also be correlated with the GSA for particles 
in all morphologies, although different calibration curves are needed depending on the 
structure of the investigated particles. Other than spherical particles, loose agglomerates 
with equally sized primary particles (PPs) are another type of particles considered in this 
study. The GSA of agglomerates equals 𝑁,,𝜋𝑑,,*  with the assumption of equally sized 
PPs without necking, where Npp is the number of PPs in one agglomerate and 𝑑,, is the 
diameter of the PP.  
Specifically, diffusion limited cluster-cluster agglomerates (DLCA) generated in 
an agglomeration chamber were studied as one typical type of agglomerates. Therefore, 
the following method of calculating the GSA of DLCA was used in the study. Sorensen 
(2011) provided useful relationships among dm (mobility diameter), dpp, and Npp for 
DLCA in the continuum regime,  𝑑6 = 𝑑,,𝑁,,7.9:, 𝑁,, < 100, 𝑑6 = 0.65𝑑,,𝑁,,7.A:, 𝑁,, > 100 .                  (4) 
The mobility diameter of a given particle in an electric field equals the diameter of a 
spherical particle having the same mobility as the given particle. For a spherical particle, 
dm equals d. Although the target particle range is in the slip regime, we chose the 
equations for the continuum regime as the closest ones. The choice agrees well with Shin 
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et al. (2010) and Cao et al.’s (2015) simulations. By rearranging Eq. 4, the GSA for one 
agglomerate can be expressed as a function of dpp and dm, 𝜋𝑁,,𝑑,,* = 𝜋𝑑,,C7.DE𝑑6*.DE, 𝑁,, < 100, 𝜋𝑁,,𝑑,,* = 2.16𝜋𝑑,,7.*D𝑑6D.EG, 𝑁,, > 100.                     (5) 
Eq. 5 can be used for any DLCA-like agglomerate. However, in this study, only the 
calibration curves for DLCA-like silver agglomerates generated from furnace was 
obtained and, thus, dpp of these particles is limited in some range where the reported 
monodisperse dpp is between 13 and 20 nm (Shin et al., 2009a). Here, we consider three 
cases: agglomerate composed of monodisperse PPs with diameters of 13.8 (Shin et al., 
2009a), 16.2 (Kim et al., 2009), and 19.5 (Shin et al., 2010) nm, respectively, and the 
average of the results for all three sizes formed the calibration curve.   
 
3.2.2 Experimental setup 
 
3.2.2.1 Diffusion Charging 
Particles were electrically charged by the unipolar diffusion charger, where a 
corona discharge generates either positive or negative ions and gives particles a stable 
charge distribution based on particle self-capacitance (Fuchs, 1963; Chang, 1981). Fuchs’ 
(1963) and Chang’s (1981) diffusion charging theories both contain Nit number (the 
product of the ion number concentration Ni and the charging time t in the charger), which 
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is difficult to measure directly. Other than theoretical models, empirical regression 
models can also characterize the charging process. Asbach et al. (2011), Kaminski et al. 
(2012), and Jung and Kittelson (2005) showed similar power laws for the mean charge 
per particle (total number of charges carried by all the particles divided by total number 
of the particles) as a function of the mobility diameter for the same charger in NSAM.  
 
We evaluated NSAM using the setup in Fig. 3-2. In the NSAM, ion trap was set to 
20 V (only removing excess ions) and the inlet cyclone is not used. The aerosol and ion 
jet flow is 1.5 and 1 lpm, respectively. We generated nearly spherical particles including 
KCl, SiO2, gold, and polystyrene latex (PSL) with Atomizer Aerosol Generator (TSI 
3079) and silver aggregates and agglomerates from the tandem furnace system (Ku and 
Maynard, 2005). The pure nitrogen (purity level 99.999%) was passed through the 
furnace at a flow rate of 1.5 lpm. 1200°C is used for the first furnace for both the 
generation of aggregates and agglomerates. 200°C and room temperature was used for 
the second furnace to generate one type of silver aggregates (open structure but heavily 
sintered) and DLCA-like agglomerates, respectively. The fractal dimension of above 
aggregates and DLCA-like agglomerates is 1.5 and 1.78 from model calculation (Fig. 3-
6a in Eggersdorfer et al., 2012), respectively. The monodisperse particles classified by 
the DMA and later neutralized by the Po-210 neutralizer were analyzed by the 
Condensation Particle Counter (CPC) for the particle number concentration, or 
alternatively charged by the unipolar charger in NSAM and analyzed by the electrometer 
for the total electrical current deposited on the filter. 
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Fig. 3-2. The apparatus for the measurement of mean charge per particle of NSAM and 
the calibration of GSAM for spherical KCl, and silver aggregates and agglomerates 
 
3.2.2.2 Calibration and validation measurements of GSAM 
Fig. 3-2 also shows the apparatus for the calibration of GSAM. Similar as the 
method used to measure the mean charge of NSAM in section 2.2.1, the monodisperse 
particle number concentration and the electrical current were alternatively measured. For 
the latter measurement, the particles were charged by the unipolar charger, precipitated 
partially based on their electrical mobility by the ESP, and analyzed by the electrometer 
for the total current deposited on the filter.  
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After the calibration was done, polydisperse spherical aerosols either mainly in 
the size range 16-100 nm or 100-300 nm were analyzed using GSAM and SMPS in 
parallel, and the GSAs measured by both methods were compared. 
 
3.3 Results and discussion 
 
3.3.1 Mean charge per particle  
Table 3-1 summarizes the relationship between the mean charge per particle 
(proportional to the sensitivity) and mobility diameter from different researchers.  
 
Table. 3-1. Summaries of mean charge per particle (assuming spherically shaped) 
measured by different researchers for the same unipolar charger. Note that Kaminski et 
al. (2012) slightly changed the charger. 
Relationship between mean 
charge (Np) and mobility 
diameter (nm) 
Size range 
(nm) 
Reference 
𝑁, = 0.0211	𝑑6D.D11 10-1000 TSI data sheet (2004) 𝑁, = 0.0181	𝑑6D.D1 30-150 Jung and Kittelson, 2005 𝑁, = 0.0244	𝑑6D.7:D 20-200 Li et al., 2009a 
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𝑁, = 0.0285	𝑑6D.7GG 30-200 Shin et al., 2010 𝑁, = 0.0176	𝑑6D.D11 20-246 Asbach et al., 2011 𝑁, = 0.0167	𝑑6D.D*7 19-399 Kaminski et al., 2012 𝑁, = 0.0192	𝑑6D.D1M 16-340 Fig. 3-3 in this study 
 
 
The relationships are similar, however slightly different. The charge difference could be 
the overall effect of several factors. They could be the difference of 𝑁N𝑡 numbers for 
each individual chargers caused by manufacturing and aging, the slight baseline 
difference of the electrometer or the slight contamination of the corona needle. The pre-
existing charges on the particles before going into the charger also affect the mean charge 
(Qi et al. 2009). Another possible origin for the observed (small) difference may also 
stem from the use of different tube materials for the transport of the aerosols prior to 
charging (Asbach et al., 2016). In addition to the uncertainty from the chargers, variation 
in detection efficiency of different CPCs used for the measurement may also play a role. 
All those uncertainties will eventually affect the measured current and consequently 
calibration of the GSAM. Therefore, the charging performance should be carefully 
examined for each individual charger before conducting modelling and experiments.   
It is noted that Table 3-1 only shows the mean charge per particle for (nearly) 
spherical particles. Non-spherical particles can carry more charges than spherical 
particles of the same mobility diameter in the same charging process (Fig. 3-3) that 
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agrees with simulations (Shin et al., 2010; Cao et al., 2015) and experiments (Oh et al., 
2004; Jung and Kittelson, 2005).  
 
 
Fig. 3-3. Mean charge per particle measured using NSAM. Spherical KCl, and silver 
aggregates and DLCA-like agglomerates were tested. Only the data for spherical particles 
were fitted to a power law relationship.  
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3.3.2 The calibration curves of GSAM for both monodisperse spherical and 
agglomerate particles 
Fig. 3-4 shows the sensitivity measurements of monodisperse particles with 
different shapes in two size regimes. We applied 150 V and 1000 V to the ESP for the 
small and large particle regime, respectively. In each individual regime, the sensitivity 
correlates strongly with the GSA of spherical KCl particles. However, this strong 
correlation exists only for a short range, such as 16-100 nm and 100-300 nm, with a high 
coefficient of determination (r2) larger than 0.97. Small standard deviations are shown in 
the figures. In Fig. 3-4b, the sensitivities for particles smaller than 100 nm were much 
lower than the fitting curve, therefore when measuring the portion of particles larger than 
100 nm, those smaller than 100 nm would not significantly affect the total current.  
In fact, the sensitivity under 16 and 60 nm for the small and large particle regime 
was immeasurable due to the particle removal of the ESP (Fig. 3-4b). The electrical 
mobility at the low end of diameter is much higher than that for the high end. Therefore, 
when electrostatic precipitation was applied, the removal of charged particles was much 
more efficient at the low end (high electrical mobility). Not to mention that the sensitivity 
was already extremely low at the low end in NSAM (Fig. 3-3). Therefore, below some 
point (e.g. 16 and 60 nm in each regime), the sensitivity in GSAM reduced to zero. 
 
a) 
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b) 
 
Fig. 3-4. The sensitivity measurement of particles with different shapes in two size 
regimes: (a) 16-100 nm and (b) 100-300 nm. The fittings in b) are only based on the 
results of particles larger than 100 nm.  
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DLCA-like agglomerates and heavily sintered aggregates were also tested. For the 
same mobility diameter, compared to spherical particles, agglomerates have higher 
sensitivities during measurements with the lower ESP voltage but lower sensitivities with 
the higher ESP voltage. This is due to the combined effects of the lower penetration in 
the ESP (Appendix A) and higher mean charge per particle (Fig. 3-3). Generally, the 
charging effect dominates in the regime of 16-100 nm, whereas the penetration effect 
dominates in the regime of 100-300 nm. Also, because of the combined effects, the 
sensitivities for aggregates and agglomerates are close to each other. 
The calibration curves in Fig. 3-4 could work well for all DLCA with different 
Npp and dpp. Cao et al. (2015) proved that the number of charges that DLCA get from a 
given unipolar charger was simply as a function of the mobility diameter when 16< Npp 
<512, 10 nm<dpp<90 nm, and 36 nm<dm<1600 nm. In other words, the curves in Fig. 3-4 
were independent from Npp and dpp and fit every DLCA. However, dpp may affect the 
following GSA calculation. Since the GSA for non-spherical particles is not simply 𝜋𝑑6* , the GSA should be calculated based on the shapes (Eq. 5). Fig. 3-5 shows the 
sensitivity versus GSA and relationships were fitted using 13.8, 16.2, and 19.5 nm as dpp. 
50 nm was also used as dpp, however, only in Fig. 3-5b to check generalization of the 
calibration curve. The reason of not using 50 nm in Fig. 3-5a is that, with 50 nm as dpp, 
the corresponding Npp is from 1 to 4.5, which is too small to form DLCA. The results 
show marginal effect from dpp.  
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Unfortunately, GSA for sintered aggregates is difficult to determine and wasn’t 
calculated; however, since aggregates have slightly higher GSA than spheres (Fig. 7 in 
Eggersdorfer et al., 2012; Fig. 6a in Eggersdorfer et al., 2011) but much lower values 
than agglomerates at the same mobility diameter, the results for aggregates in Fig. 3-5 
should be somewhere between that of spheres and agglomerates due to the estimation 
based on Fig. 3-4.  
a) 
 
b) 
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Fig. 3-5. The total current versus GSA concentration for both sphere and agglomerate in 
the size regime of (a)16-100 nm and (b) 100-300 nm.  
 
To reveal the relationships between total GSA concentration in µm2/cm3 and the 
current (I) in fA, equations were derived from the curves fitted in Fig. 3-5 and The GSA 
concentration was equal to: 
for small sphere (16-100 nm) 2.70	𝐼                                     (6a) 
for large sphere (100-300 nm) 20.53	𝐼       (6b) 
 for small agglomerates (16-100 nm)  3.02	𝐼       (6c) 
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 for large agglomerates (100-300 nm) 37.28	𝐼       (6d) 
where the constants are in the units of µm2/(cm3•fA). The detection limit can be as low as 
3 µm2/cm3 since the detection limit of the electrometer is 1 fA. With these equations, the 
GSA concentration for aerosol in the size range of 16-100 nm or 100-300 nm will be 
easily measured in real-time. 
 
3.3.3 Geometrical surface area (GSA) concentration measurement for polydisperse 
spherical particles 
 
To measure the GSA of particles in given shape (spheres or DLCA-like), the 
operation procedures are as follows: 
(a) For aerosol exactly in the range of 16-100 nm, apply 150V for the ESP, measure the 
current, and convert the current into GSA concentration using Eq. 6a for spherical 
particles and Eq. 6c for agglomerates. 
(b) For aerosol exactly in the range of 100-300 nm, apply 1kV for the ESP, measure the 
current and convert the current into GSA concentration using Eq. 6b for spherical 
particles and Eq. 6d for agglomerates. 
After the calibration using monodisperse particles, we used the system to test the 
polydisperse spherical particles. Fig. 3-6 shows both the number and surface area 
concentrations vs. size for three different aerosols generated from the atomizer. Both 
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aerosols in Figs. 3-6a and 3-6b are targeted as in the small particle regime and to test Eq. 
3-6a. In Fig. 3-6c, suspensions of PSL and SiO2 were mixed in one bottle and atomized 
together. The resulted aerosol has a multimodal pattern and is targeted as in the large 
particle regime and to test Eq. 6b. Note that multimodal aerosols are difficult cases and 
great challenge for aerosol monitors, especially for those assuming unimodal aerosol. 
 
a) 
 
b) 
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c) 
 
 
Fig. 3-6. The aerosol distributions of number and surface area concentrations for (a) 40 
nm gold colloid, (b) 40 nm gold colloid diluted from Fig. 3-6a, and (c) 125 nm PSL and 
200 nm SiO2 solution out of the atomizer.  
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Table 3-2 shows the GSA concentration for the three polydisperse aerosols 
measured by both the SMPS and GSAM. 150V was applied on the ESP for both the cases 
in Fig. 3-6a and 3-6b and 1000V was applied for the case in Fig. 3-6c. The SMPS and 
GSAM were in parallel to measure the aerosol generated from atomizer and neutralized 
by the neutralizer. When analyzing the GSA concentration data from SMPS, data for 
particles larger than 16.3 nm (detection limit of GSAM for the small particle regime) 
were used for both cases in Fig. 3-6a and 3-6b for comparison; data for particles larger 
than 101.8 nm was used for the case in Fig. 3-6c since GSAM (for the large particle 
regime) can mainly measure the portion of aerosol larger than 100 nm. Also, the GSA 
concentrations from SMPS for the whole scanning size range (14.1-736.5 nm) are also 
shown in the figure. GSAM had a 1 and 9% overestimation and 9% underestimation 
compared with SMPS for cases in Fig. 3-6a, 3-6c and 3-6b, respectively. For the case in 
Fig. 3-6c, less than 2% overestimation comes from the electrical current (calculated from 
Fig. 3-4) for particles larger than 60 nm and smaller than 100 nm. Although the fact that 
the tested aerosols are out of range to some extent causes error, the major reason for the 
discrepancies for all the cases is still the difference between the regression models and 
experimental data in Fig. 3-4. Note that the measurements from GSAM for cases in Figs. 
3-6a and 3-6b is accurate even when the range of GSA concentration data from SMPS is 
from 16.3-736.5 nm instead of 16.3-100 nm (working range for the small particle 
regime).  
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Table. 3-2. The comparison between GSA concentration measured by SMPS and that 
calculated from measured current by Eq. 6a and 6b. 
Aerosol 
distribution 
Size range (nm) 
for GSA in 
SMPS 
GSA 
concentration 
from SMPS 
(µm2/cm3) 
GSA concentration 
by Eq. 6 (µm2/cm3) 
Voltage 
applied on 
the ESP 
Fig. 3-6a 16.3-736.5 nm 
(14.1-736.5 
nm) 
2.83E+3 
(2.94E+3) 
2.86E+3 150V 
Fig. 3-6b 16.3-736.5 nm 
(14.1-736.5 
nm) 
1.03E+3 
(1.09E+3) 
9.33E+2 150V 
Fig. 3-6c 101.8-736.5 nm 
(14.1-736.5 
nm) 
1.56E+4 
(2.13E+4) 
1.70E+4 1000V 
 
The instrument is suitable to measure GSA of aerosols with size distributions 
which are either below or above 100 nm. Unfortunately, aerosols in practice are not 
always in those specific regimes while Eq. 6 only works in these regimes. In that case, 
aerosols need to be divided into different regimes and measured separately. For the 
regime of 16-100 nm, we propose to use an inertial impactor right before the 
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measurement. The impactor allowed particles smaller than certain diameter to pass 
through. Under certain condition, the cutoff size can match the upper limit of the 
measurement for small particle regime. For large particle regime, the lower size limit was 
already set due to the strong removal of particles smaller than 100 nm of the ESP with 
high voltage. The upper limit is still needed to be set and a cyclone can be considered. 
Thus, the combination of two separated measurements in two regimes may provide a 
solution to cover the full size range. 
The inertial impactor we used was developed by Tsai et al. (2012). This impactor 
had a cut-off aerodynamic diameter at 100 nm at a flow rate of 2 lpm. We analyzed the 
penetration of KCl particles through the impactor at a different flow rate of 1.5 lpm and 
Fig. 3-7 shows the results in both mobility and aerodynamic diameter. The cut-off 
aerodynamic diameter shifted from 100 nm at 2 lpm to 150 nm at 1.5 lpm. At 1.5 lpm, the 
impactor efficiently removed particles larger than around 100 nm (mobility diameter). 
With appropriate correction, the impactor could help the system to measure GSA for 
particles in the small particle regime.  However, the penetration curves will vary for 
aerosols with different densities and shapes. Also, although the pressure drop created by 
the impactor is only 13.1 kPa at 2 lpm (Tsai et al., 2012), the aerosol to ion flow ratio in 
the charger will still be affected once the impactor was installed prior to the charger and 
the charging status of the aerosol may be different from the calibration. Thus, further 
research is needed to resolve the mentioned open questions. 
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Fig. 3-7. The penetration (in both mobility and aerodynamic diameters) of KCl particles 
through the impactor. 
 
3.3.4 The advantages and disadvantages of the GSAM 
So far, GSAM is the only instrument, capable of online measuring the geometric 
surface area of spherical and model agglomerate particles. The measurement of the mean 
charge per particle from diffusion charging has little dependence on particle material. Li 
et al. (2009b) and Shin et al. (2009b) showed slight effect of dielectric constant on the 
measurement of mean charge. On the other hand, number concentration of the aerosol 
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barely affects the charging status if the concentration and the associated current allow 
reliable electrometer measurement.  
 
The drawback of GSAM is that GSAM is currently limited to spheres and DLCA-
like agglomerates (two extreme possible cases) and the types of particles must be known 
before measurements. As a result, inaccuracy may occur using Eq. 6 for the 
measurements for particles in shapes that are not discussed in this study (e.g., straight 
chain agglomerate, ballistic-limited cluster-cluster agglomerate, or randomly shaped 
aggregates) and even the mixture of different particle types (e.g., the mixture of spherical 
and DLCA particles or non-spherical particles with different structures).  
There are other shortcomings to be discussed. GSAM has higher detection limit 
for both particle size and concentration than the original NSAM due to the deducted 
signal carried by the charged particles that were removed by the ESP, e.g., the current 
signal cannot be detected when particle size is smaller than 16 nm when doing the small 
size range measurement. Fortunately, on the other hand, the lower sensitivity when 
particles are smaller than 100 nm in Fig. 3-4b helps to create a regime for large particles. 
The upper size limit of 300 nm is another shortcoming of this method. Particles larger 
than 300 nm may affect the measurement, especially when large amount of those 
particles exist. In that case, a pre-separator (Asbach et al., 2011), such as a cyclone, 
should be considered and used prior to GSAM.  
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3.4 Conclusion 
Although many powerful aerosol instruments for particle measurements are 
available, an appropriate GSA concentration monitor is still lacking. This study 
developed a system (GSAM) that can quickly deliver the GSA concentration of particles 
in a wide particle size range, i.e., 16-300 nm. the approach combines the inertial 
impaction, unipolar charging, electrostatic precipitation, and current measurement in 
which all the devices were well calibrated. Based on different assumptions of the particle 
size range, GSAM applies to both spherical and DLCA-like agglomerate particles with 
different calibration curves. 
 
Appendix A:  
A.1. The penetration of the ESP  
 
Fig. 3-8 shows examples of the penetration curves of the ESP under 150, 500, and 
1000 V using the setup in Fig. 3-2. The penetration here was defined as the ratio of 
measured electrical current when the voltage is turned on to that when voltage is turned 
off. In the test, we used unipolarly charged particles including spheres, aggregates, and 
agglomerates that were from 25 to 280 nm. In Fig. 3-8, the penetration results follow a 
similar trend that the slope decreases as the sizes increase.  
 
a) 
	
 
 
 
 
 
 
 
 
 
58 
 
b) 
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c) 
 
Fig. 3-8. Penetration of unipolarly charged particles through the ESP with the voltage of 
(a) 150, (b) 500, and (c) 1000 V. 
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Chapter 4: A novel weighted sum method to measure particle geometric 
surface area in real-time 
 
4.1 Introduction 
Due to its good indication of the nanoparticles reactivity (Hood, 2004), catalytic 
capacity, and adverse health effect (Oberdörster, 2000), the geometric surface area (GSA) 
of nanoparticles is of great interest in many fields (Redhead et al., 2001; Oberdörster et 
al., 2005; Schmid & Stoeger, 2016). The GSA of the particles that is the envelope surface 
area drastically increases with a decreasing particle size at an equivalent mass; in fact, the 
GSA increases by a factor of 10, when the particle diameter decreases by a factor of 10. 
Furthermore, Preining (1998) stated that the fraction of atoms at the surface of a particle 
increases from 12% to 100% as the particle diameter decreases from 20 to 1 nm. Thus, 
nanoparticles that have a much larger GSA-to-volume ratio than larger particles can 
easily interact with other substances and, therefore, the GSA is a worthwhile metric to 
track the nanoparticles in many circumstances. However, it is difficult to measure the 
GSA of aerosol nanoparticles because it rarely correlates with any detection approach. 
A few techniques can measure the GSA or properties close to the GSA in different 
measuring time and expense scales. One way is to sample the particles on site and 
analyze them offline in the laboratory afterward.  For instance, the BET analysis 
(Brunauer, S., Emmett, P. H., & Teller, E., 1938) estimates the capability of a solid 
surface absorbing gas that refers to the specific surface area; electron-microscopy based 
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methods (TEM or SEM) provides the two-dimensional projection of sampled particles. 
Another way is the well-known quasi-real-time scanning mobility particle sizer 
spectrometer (SMPS, Wang & Flagan, 1990). The size-resolved SMPS scans the aerosol 
number-size distribution with a time resolution of typically between 50 and 300 s and 
provides the total particle surface area (assuming spherical particles) based on the 
integrated distribution. The third method is real-time monitors based on unipolar 
diffusion charging. For example, the nanoparticle surface area monitor (NSAM, model 
3550, TSI Inc, Shoreview, MN, Fissan et al., 2007), DiSCmini (Testo AG, Lenzkirch, 
Germany, Fierz et al., 2011), NanoTracer (Oxility BV, Best, Netherlands, Marra et al., 
2010), and Partector (Naneos Particle Solutions, Windisch, Switzerland, Fierz et al., 
2013) claim to monitor the particle lung deposited surface area (LDSA) concentration for 
a reference worker. By coupling NSAM with a stagnation-point-flow electrostatic 
precipitator and inertial impactor, Cao et al. (2017) developed a geometric surface area 
monitor with limited working ranges (20–100 nm and 100–300 nm). Until now, none of 
them gave the satisfactory real-time measurement of GSA. 
Here, a novel weighted sum (WS) method was developed to measure the particle 
GSA concentration. The WS method used NSAM as the main instrument and, in order to 
correlate with and thus represent the integral particle GSA concentration, we combined 
the responses of NSAM under a selected pair of conditions in a weighted sum fashion. 
The selection of condition was guided by both experiments and simulations and followed 
by the response measurements at these selected conditions and the WS combination that 
was determined by the curve fitting. The whole WS method was then validated by 
	
 
 
 
 
 
 
 
 
 
62 
comparing with SMPS in both laboratory testing and environmental sampling. The 
uniqueness of the WS method is: (1) for the first time the GSA concentration can be 
delivered in real-time over the desired size range; (2) the method makes no assumptions 
of the distribution of the aerosol, such as the geometric standard deviation and a 
unimodal lognormal distribution; (3) since the method only involves a slight modification 
of the commercialized NSAM, manufacturers can easily redesign the instrument and 
researchers can conveniently conduct follow-up studies of GSA measurements with their 
own instruments. In section 4.2, we introduce the major mechanisms and explain the 
rationale of the WS method; in section 4.3, we describe the apparatus for both the 
calibration and validation measurements; in section 4.4, the calibration using 
monodisperse spherical aerosol and the WS combination are discussed and the results of 
validation measurements using synthetic and natural aerosols are reported.  
 
 
4.2 Theoretical background 
 
To measure the total geometric surface area (GSA) of polydisperse nanoparticles, 
the instrument needs a linear response to the aerosol GSA and an instrument sensitivity as 
a function of GSA per particle (Fissan et al., 2007). The instrument sensitivity (S) 
corresponds to the instrument signal caused by one particle (Fissan et al., 2012). For 
instance, the needed sensitivity is proportional to the exponent of 2.0 of the particle 
diameter (d) for spherical particles: 
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𝑆(𝑑) ∝ 𝜋𝑑*.7.           (1) 
As a result, the signal of the instrument can be linearly transferred into the total aerosol 
GSA (detailed derivation in section 2.3) even without assuming the geometric standard 
deviation and a unimodal lognormal distribution of the aerosol. However, so far, very few 
mechanisms can appropriately correlate the sensitivity with the GSA. Fortunately, we 
have created and obtained the d2.0-dependent sensitivity by applying unipolar diffusion 
charging, electrostatic precipitation, and electrical current measurement in sequence, and 
combining the resulted current signals in a weighted sum (WS) fashion. The exact 
expression for S(d) was determined using monodisperse aerosols during calibration and 
later applied for laboratory-generated and environmental polydisperse aerosols. 
 
4.2.1. Unipolar diffusion charging 
 
Due to their size-dependent sensitivities (Chang, 1981; Jung and Kittelson, 2005), 
electrical sensors employing unipolar diffusion charging have the potential to measure 
the GSA in real-time. One of the sensor, nanoparticle surface area monitor (NSAM, TSI 
3550, Fig. 4-1), was used here as the basis instrument for the method development. In 
NSAM, the aerosol is first charged by positive ions in the mixing chamber, then the extra 
ions are removed by the trap (20 V is the default voltage to remove excess ions) due to 
electrostatic precipitation, and finally, the total current carried by the aerosol leaving the 
trap is measured by the electrometer and amplifier. The sensitivity of the electrical sensor 
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is defined as the ratio of measured electrical current to the total number concentration of 
the sampled aerosol (Fissan et al., 2007) at a certain particle diameter (d) under certain 
trap voltage (V): 
  𝑆 𝑑, 𝑉 = &(S)'        (2) 
where I is the current measured by the electrometer under the trap voltage V, and N is the 
total number concentration measured by CPC at the inlet of NSAM. When the trap is set 
to 20 V for the same charger, researchers showed a similar power-law relationship in 
both experimental measurements (Jung and Kittelson, 2005; Asbach et al., 2011) and the 
numerical simulation (Cao et al., 2015): 
   𝑆(𝑑) ∝ 𝜋𝑑D.D1.         (3) 
However, the 1.13 power of d in Eq. (3) does not satisfy the GSA concentration 
measurement and should somehow increase to 2.0. 
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Fig. 4-1. The schematic diagram of the nanoparticle surface area monitor (NSAM). 
 
4.2.2. Unipolar diffusion charging coupled with electrostatic precipitation 
By means of electrostatic precipitation, the power in Eq. 3 can be manipulated 
close to 2.0 (Wei 2007; Li et al., 2009; Cao et al., 2017). In Li et al. (2009), when the trap 
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voltage (same model as this study) reached as high as 2500 V, the sensitivity was 
proportional to d2.2 in the range of 40-160 nm. Wei (2007) also achieved Eq. 1 in the size 
range of 10-100 nm using a different unipolar charger followed by a custom-built 
electrostatic precipitator.  
However, electrostatic precipitation has its limitations with respect to the signal 
manipulation: it removes lots of charged particles, which reduces the signal of the 
instrument and therefore lowers the signal and even size limit. Since the removing of 
electrostatic precipitation increases as the electrical mobility increases, particles with 
large electrical mobility (small particles in the case) are heavily removed. Therefore, a 
portion of the aerosol distribution is entirely lost during the measurement. For instance, in 
Li et al. (2009), electrical current for particles smaller than 30 nm was rarely measured 
when the trap voltage was set to 2500 V. In addition, under certain circumstances, 
particles at above range can be of most interest, for example, in the release process of 
engineered nanoparticles (Hagendorfer et al., 2010). Therefore, the dilemma here is that 
electrostatic precipitation can positively manipulate the sensitivity but lower the detection 
limit of both size range and signal. 
 
4.2.3. Weighted sum sensitivities 
 
To inherit the advantage and overcome the drawback of the coupling between the 
unipolar charging and electrostatic precipitation, we propose the weighted sum (WS) 
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method to further manipulate the instrument response. The WS method linearly combines 
the sensitivities at different voltages for the electrostatic precipitator in the case of the 
trap of NSAM: 𝑆TU 𝑑, 𝑉D, 𝑉*, 𝑐 = 𝑆 𝑑, 𝑉D + 𝑐𝑆(𝑑, 𝑉*)                    (4) 
where S(d, V1) is the sensitivity at a low voltage, S(d, V2) is the one at a high voltage of 
the trap, and c is the constant weighting factor that can be determined by the instrument 
calibration. Due to Eq. 4, the linear combination only happens between sensitivities at 
two different voltages at each particle size. 
In Eq. 4, when the low voltage is applied, only extra ions from the charger are 
removed; when the high voltage is applied, a higher power of the diameter-dependence of 
the sensitivity can be achieved. In other words, S(d, V1) mainly serves as a baseline that 
covers a wide measuring size range and S(d, V2) primarily serves as a tool to increase the 
power of the diameter-dependence of the sensitivity. However, since S(d, V2) is some 
magnitudes lower than S(d, V1), a larger-than-1 weighting factor c that can be determined 
by curve fitting is applied in the linear combination. Finally, with a certain combination 
of V1, V2, and c, the GSA-concentration-proportional response can be achieved: 𝑘𝑆TU 𝑑, 𝑉D, 𝑉*, 𝑐 = 𝜋𝑑*                             (5) 
where k is a constant that can be easily determined when SWS is known. 
Since the combination of the measured currents for polydisperse aerosol can be 
expressed as: 𝐼TU = 𝐼 𝑉D + 𝑐𝐼 𝑉*  
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= 𝑆 𝑑, 𝑉D 𝑑𝑁(𝑑)YZ4[7 + 𝑐𝑆 𝑑, 𝑉* 𝑑𝑁(𝑑)YZ4[7  
= 𝑆 𝑑, 𝑉D + 𝑐𝑆 𝑑, 𝑉* 𝑑𝑁(𝑑)YZ4[7  
= 𝑆TU 𝑑, 	𝑉D, 𝑉*, 𝑐 d𝑁 𝑑YZ4[7  
= 1𝑘 𝜋𝑑*𝑑𝑁(𝑑)				YZ4[7  
(6) 
where N(d) is the number concentration for each particle diameter and 𝜋𝑑*𝑑𝑁(𝑑)YZ4[7  
is the GSA concentration, 
then 
 𝐺𝑆𝐴	𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 𝑘𝐼TU.                        (7) 
Therefore, the measured current from the polydisperse aerosol can be conveniently 
transferred into the total GSA concentration. Note that V1, V2, and c in Eq. 4 are the 
essential parameters that will be discussed and determined in section 4.4.1 and 4.4.2. 
 
4.3. Experimental setup 
The investigations involve the characterization of the trap, the measurement of 
sensitivity (for calibration) and validation of the weighted sum (WS) method. The 
characterization of the trap will facilitate the chosen of two trap voltages (section 2.3). 
Based on the characteristic penetration curve obtained in the characterization, the 
sensitivity for given particle diameter and trap voltage can be modeled (section 4.1) 
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where the candidate voltages can be determined. After determining the voltages, the 
calibration based on the chosen voltages will be conducted using monodisperse aerosol. 
Finally, the WS method will be validated by challenging it with polydisperse aerosols. 
4.3.1. Penetration measurement of the trap using singly charged particles 
To determine the voltages in Eq. 4, the trap was thoroughly investigated and a 
characteristic penetration curve was obtained. The aerosol penetrations through the trap 
with different voltages were measured using the setup shown in Fig. 2. KCl solutions 
0.01% and 1% (by mass) were nebulized by the atomizer aerosol generator (TSI 3079), 
and classified by the differential mobility analyzer (DMA, TSI 3081; 9.0 lpm as the 
sheath flow and 1.5 lpm as the aerosol flow) into singly charged monodisperse particles 
whose diameter was from 20.5 to 300 nm or technically particles with uniform electrical 
mobility (Knutson & Whitby, 1975). Then these particles were supplied to the charger 
and then trap in NSAM (boxed area in Fig. 2) where the charger is off at all times (no 
voltage supplied to the corona needle). The reason we turned off the charger is that, with 
the charger off, particles passing the trap with the uniform electrical mobility will have 
uniform penetration through electrostatic precipitation (section 4.1), while, with the 
charger on, the unipolar diffusion charging will bring the uniform electrical mobility of 
particles to a wider distribution (Kaminski et al., 2012) which causes uncertainty of the 
penetration. For every particle size, the trap voltage gradually increased from 20 to 2400 
V that was always supplied by a high voltage power supply (series 230, Bertan associates 
Inc.) in the entire study. The number concentration of the remaining particles was then 
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measured by CPC. The penetration was defined as the ratio of the measured particle 
number concentrations with the trap voltage on and off, respectively (Qi et al. 2009) and 
accordingly this penetration focuses on the particle removal of the trap due to 
electrostatic precipitation and excludes other mechanical loss. It is noted that although the 
characteristic penetration curve was established with charger off, the curve will also work 
with charger on that will be explained in section 4.1.   
 
Fig. 4-2. The schematic diagram of the penetration measurement. 
 
4.3.2. Sensitivity measurement 
The sensitivity measurements were conducted using the setup in Fig. 3. KCl 
particles generated using the same method as in section 3.1 and classified by the tandem 
DMA (6.0 lpm as the sheath flow and 1.0 lpm as the aerosol flow) technique, which 
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minimizes the production of multiply charged particles (Yook et al., 2008). The number 
concentration of the monodisperse particles was then measured by CPC; alternatively, the 
electrical current of the particles was simultaneously measured by NSAM at a given trap 
voltage. As described in Eq. 2, the ratio of the responses from NSAM to CPC is thus the 
sensitivity with different voltages. When the size selection changed in DMA, sensitivity 
for every selected size for a given voltage was obtained.  
 
 
Fig. 4-3. The schematic diagram of the sensitivity measurement.  
 
4.3.3. Laboratory validation measurement  
Since SMPS (TSI 3082) is size-resolved, quasi-real-time, and based on the 
mobility diameter which equals to the diameter of spherical particles, it is so far one of 
the most appropriate reference methods to validate the WS method in real-time GSA 
measurement of the synthetic nearly spherical particles. The comparison measurements 
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of the GSA concentrations of the produced polydisperse aerosols were conducted using 
the setup in Fig. 4. We used 0.3 lpm as the aerosol flow rate and 3 lpm as the sheath flow 
rate of DMA. Nearly spherical polydisperse aerosols were generated from the atomizer 
aerosol generator (TSI 3079) using solutions including 0.01% and 1% KCl, 0.01% and 
0.03% Di-Ethyl-Hexyl-Sebacat (DEHS), and commercialized gold colloid (Ted Pella, 
Inc.) labeled as 50 nm. After the particle generation, SMPS and WS were paralleled to 
analyze the aerosols. It is noted that the neutralizer of SMPS is also connected to WS to 
neutralize the highly charged particles from the atomizer into the Boltzmann charge 
equilibrium. However, the neutralization is unnecessary for the field measurement in 
section 3.4 since particles in the atmosphere are assumed in the Boltzmann charge 
equilibrium. 
 
 
Fig. 4-4. The schematic diagram of the validation measurement for laboratory testing. 
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During the testing, every scan of SMPS lasted 120 s; as for electrical current 
measurement of WS, the trap voltage was switched automatically (controlled by the 
program LabVIEW 15) between the low and high voltages in a block-wise style. It took 3 
s for the current to be stable when switching from the low to high voltage and 2 s for the 
instrument to obtain the current for each voltage. Therefore, to obtain a valid data point 
of the GSA concentration, the WS method only requires 5 s, which is much faster than 
SMPS. Meanwhile, we also measured the lung-deposited surface area (LDSA) and 
discuss its relationship with the GSA, since LDSA is a controversial surface area 
especially in the discussion of the adverse health effect of nanoparticles. Several sets of 
measurements were conducted applying 100 and 200 V for the trap to measure LDSA of 
several aerosols (most particles are below 300 nm) at the tracheobronchial (TB) and 
alveolar (A) regions of the human lung, which is claimed by the manufacturer of NSAM 
(Fissan et al., 2007). 
 
4.3.4. Field measurement  
Continuous field samplings were conducted using WS and SMPS in parallel. 
Different from the laboratory test, every scan of SMPS lasted 60 s which is half of the 
time in the laboratory test since the aerosol concentration in the field can be more 
transient than in the laboratory. The first test (~5 h) was to challenge the clean indoor air 
in the laboratory controlled by HVAC system (heating, ventilation, and air conditioning). 
The second measurement was an outdoor sampling, which lasted 5 continuous days from 
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Friday (May 12, 2017) to Tuesday (May 16, 2017) including weekdays and weekends. 
The sampling inlet was located slightly higher than human respiration level (about 2 m 
above the ground). Less than 20 m away from the sampling site, a building construction 
project was ongoing across the road. The construction mainly involved vehicles 
transporting materials, roofing, and operation of construction equipment. 
 
4.4 Results and discussion 
In this section, first the trap penetration under various conditions was evaluated 
and a characteristic penetration curve was fitted upon it. Based on the curve, sensitivities 
with different trap voltages were calculated. After combining pairs of the calculated 
sensitivities and selecting the best combination, two candidate voltages were chosen. 
Secondly, the sensitivities with the two candidate voltages were measured and combined 
in a weighted sum (WS) style. Finally, the WS method was validated by comparing the 
aerosol GSA concentration simultaneously measured by WS and scanning mobility 
particle sizer spectrometer (SMPS) in both laboratory testing and field measurement.  
 
4.4.1. Characterization of the trap and sensitivity estimation 
The particle (singly charged) penetration rate through the trap is shown in Fig. 4-5 
where 5 different voltages of the trap and 10 different particle sizes were analyzed. For 
each particle size, the penetration decreased with the increasing voltages, because the fact 
that increasing voltages corresponds with increasing electrostatic force on the particles 
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led to a heavier particle removal, namely, less penetration. However, for large particles 
(e.g. 300 nm), which have the lowest electrical mobility (Zp) in the characterization 
measurements, electrostatic precipitation had a marginal effect on the particle penetration 
so that increasing voltage only slightly decreased the penetration. The electrical mobility 
of charged particles is defined as (Hinds, 1999): 𝑍, = -./01234              (8) 
where n is number of elementary charges on the particle, e is elementary charge, Cc is 
Cunningham slip correction factor and Cc=1 + Kn[a + b exp(-g/Kn)], a=1.142, b=0.558, 
g=0.999 (Allen & Raabe, 1985), Kn is Knudsen number, and h is gas viscosity. 
 
Furthermore, Forsyth et al. (1998) and Li et al. (2009) proved that the penetration 
rate of a specific electrostatic precipitator under a fixed flow rate was a function of the 
product (Zp*V) of the particle electrical mobility (Zp) and the applied voltage (V) of the 
electrostatic precipitator. In other words, particles with the similar electrical mobility had 
a comparable penetration. This conclusion agrees well with Fig. 4-5a where particles of 
25 nm with 1000 V and 40 nm with 2400V holding an almost identical Zp*V (3.69 and 
3.58 cm2/s) had a similar penetration, 0.208 and 0.212, respectively.  
 
Therefore, we presented the penetration as a function of Zp*V in Fig. 4-5b. The 
results for all voltages and sizes converged into one trend, which is consistent with Qi et 
al. (2009)’s. Li et al. (2009) used the same model of the trap as this study and fitted the 
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data to two different relationships for two Zp*V regimes: a linear curve was best fitted for 
Zp*V smaller than 1 cm2/s and an exponential curve was best fitted for Zp*V larger than 1 
cm2/s. In the same way, we fitted the results to the above two functions.  
 
a 
 
 
 
 
b 
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Fig. 4-5. (a) Penetration for singly charged particles with different trap voltages (b) 
penetration as a function of Zp*V. 
 
By means of the curves in Fig. 5b, the sensitivities with different voltages were 
estimated by Eq. 9 and shown in Fig. 4-6.  𝑆. 𝑑, 𝑉 = &(S)' ≈ -f(4)'g(hf,S)i.' = 𝑛,(𝑑)𝑃 𝑍,, 𝑉 𝑄𝑒                 (9-1) Ul(4,S)U(4,*7	m) = g(hf,S)g(hf,*7	m)                                 (9-2) 
therefore 𝑆. 𝑑, 𝑉 = 𝑆(𝑑, 20	𝑉) g(hf,S)g(hf,*7	m)                           (9-3) 
Where Se is the estimated sensitivity, np(d) is mean charge per particle for the charger at 
particle size d, P is the penetration that can be estimated by Fig. 5b, and Q is the 
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volumetric flow rate of the aerosol entering the mixing chamber of the charger. We 
assume S(d, 20 V) a known parameter because the fitting curve based on S(d, 20 V) 
between the lower and upper size limit serves as the performance curve for every charger 
and will be always measured beforehand as part of the charger calibration.  
 
It is noted that 𝐼 𝑉 = 𝑛,(𝑑)𝑁𝑃(𝑍,, 𝑉)𝑄𝑒 in Eq. 9-1 only works well for the 
ideal case where np(d) and Zp are rather monodisperse. Kaminski et al. (2012) proved 
that, in both experiments and numerical simulations, particles classified by DMA and 
charged by NSAM had a wide charge distribution, e.g., the 131 nm PSL particles carry 
from 1 to 8 elementary charges where the fraction of 4 charges is the highest and have a 
multimodal lognormal distribution of electrical mobility (Zp) range from 5E-5 to 1.5E-3 
cm2/Vs (Fig. 3 in Kaminski et al., 2012). Therefore, in our calculation, both np(d) and Zp 
that we used for Eq. 9 were both average values, which may cause a discrepancy between 
measured and estimated sensitivities (section 4.2).  
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Fig. 4-6. Estimated sensitivities under different voltages using Eq. 9. 
 
In Fig. 4-6, the slopes of the lines (from connecting data points for each voltage) 
mostly increased with increasing voltages. Although not all results perfectly followed a 
power law, if fitting into power laws, the power of the relationships increased with 
increasing voltages as well. Meanwhile, we found that the power at 2400 V was the 
closest one to 2.0 among the measured ones (although only in a limited size range) and 
therefore 2400 V was chosen as one of the candidate voltages (section 2.3); 20 V (as the 
default voltage to only remove excess ions) could serve well as another candidate voltage 
for the baseline sensitivity since it can cover the whole measuring range of NSAM. 
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4.4.2. Sensitivity measurement and weighted sum combination 
In section 4.4.1, 20 and 2400 V were chosen as the candidate voltages. The 
sensitivities at these voltages were measured and shown in Fig. 7a. The error bars 
increased towards the smallest size in the 2400 V case because instrument noise began to 
significantly affect the electrical current there. Note that the sensitivity at 20 V is 
proportional to mean charge per particle: np = S(d, 20 V)/(Qe); when fitting np to a power 
law as a function of particle diameter, the relationship was np=0.0186d1.14, which agrees 
well with other researchers (section 4.2.1). 
The measured sensitivities, S(d, 2400 V) and S(d, 20 V) in Fig. 4-7a, were used to 
conduct the WS combination. According to Eq. 4 and 5, two constants a and b in d2 = 
aS(d, 2400 V) + bS(d, 20 V) that is a transformation of Eq. 5 were fitted using least 
square fitting and the results are: a=3.324E6, b= 1.302E5, and accordingly the weighting 
factor c = a/b in Eq. 4 equals 13.52 with a coefficient of determination 0.9974; however, 
the fitting only performed satisfactorily below 300 and above 20 nm. Applying the 
weighting factor c into the WS combination in Eq. 4, we had the new WS sensitivity: 
SWS(d, V1, V2, c) = S(d, 20 V) + cS(d, 2400 V). A power law with a power of 2.0 was 
fitted for the new WS sensitivity (20<d<300 nm) (Fig. 4-7b): 
SWS(d, V1, V2, c) = 4.47E-6 d2.0.     (10) 
a 
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b 
 
Fig. 4-7. (a) Measured sensitivities and (b) combined sensitivities with the power law 
fitting.  
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Due to Eq. 5 and 10, we determined k=0.703 µm2/(cm3fA) in Eq. 7, where Ic is in fA and 
GSA concentration is in µm2/cm3. With this simple form of Eq. 7, the GSA concentration 
for polydisperse aerosols can be easily measured without any data inversion.  
Note that the sensitivities in Eq. 10 are higher than the measured ones when the 
diameters of the particles are larger than 300 nm (gray zone in Fig. 4-7b). In fact, the 
measured sensitivities were 74.5% and 62.1% of those calculated from Eq. 10 at 365.2 
and 487 nm, respectively. Therefore, with the presence of particles larger than 300 nm, 
sensitivity predictions from Eq. 10 will have size-dependent overestimation. 
Consequently, the GSA concentration will be underestimated using Eq. 7 since Eq. 7 and 
10 are inverse functions.  
 
4.4.3. Laboratory validation measurement of the weighted sum method  
Fig. 4-8a shows the comparison of the GSA concentrations measured by both WS 
and SMPS where the GSA from SMPS is the result of a calculation that relies on the 
spherical shape of the particles. In this test, we generated and analyzed five different 
aerosols whose geometric standard deviation (sg) and number concentration were 
between 1.52 to 1.95 and 1.2E+4 to 5.1E+5 #/cm3, respectively. The concentration of 
each aerosol was varied by using different dilution ratio. In general, filled shapes 
represent aerosols in the working range (20-300 nm) and open shapes symbolize aerosols 
partially but still mainly in range. Fig. 4-8b shows both number and surface area 
concentrations of three exemplary distributions: DEHS in range, gold, KCl out of range 
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(gray zone represents the part of aerosol that is out of range) from left to right. The out of 
range part of the KCl is presented in the gray zone where the proportion of particles 
larger than 300 nm is 1.1% in number and 20.7% in GSA concentration. The aerosol 
generated from gold colloid had an apparent multimodal pattern where the left peak 
indicates the residual from the surfactant and the right peak represents 50 nm gold 
particles. Multimodal aerosols are extremely difficult cases and a great challenge for 
aerosol monitors, especially for those assuming (Fierz et al., 2002; Li et al., 2009; Marra 
et al., 2010) or only calibrated using unimodal aerosol (McMurry, 2000; Fierz et al., 
2008). In Fig. 4-8a, for aerosols in range (even bimodal), the results all fell on the 1:1 line 
with a Pearson correlation coefficient of 0.9961 and the coefficient of variation for the 
ratio of GSA by WS to that by SMPS is 7.5%; for aerosols partially out of range, WS 
moderately underestimated the GSA concentration (65–77% of SMPS).  
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Fig. 4-8. (a) GSA concentration comparison between WS and SMPS (b) exemplary 
aerosol size distributions for both number (left y-axis) and surface area (right y-axis) 
concentrations: DEHS in range, gold, and KCl out of range from left to right. 
 
During the GSA measurement, the lung-deposited surface area (LDSA) was also 
measured in several in-range cases (Fig. 4-9). The LDSA is defined as the total surface 
area of the aerosol deposited in the human lung where the deposition depends on the 
particle size as well as the deposition region of the lung (Hinds, 1999). In Fig. 4-9, the 
concentrations of LDSA for both TB and A regions (measured by NSAM) and GSA 
(measured by WS) were all normalized by the GSA concentration of each aerosol from 
SMPS. The normalized LDSA in TB and A regions were respectively in the range of 
0.035–0.092 and 0.15–0.35.  
The distributions of surface-area-concentration versus diameter were shown to the 
right of the Fig. 4-9 and aligned at 60 nm. The normalized LDSA for both regions 
increased with the decreasing modes of the aerosols, because, in the particle diameter 
range of 20–300 nm, the lung deposition rates for both regions increase with decreasing 
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particle size (ICRP, 1994).  In other words, the ratio of the LDSA to GSA concentration 
strongly depends on the aerosol distribution. Therefore, without knowing the aerosol 
information (e.g., the mode and geometric standard deviation), the LDSA is inappropriate 
to represent other types of particle surface area. 
 
Fig. 4-9. Comparison of the normalized surface area concentrations. The average mode 
of all the distributions is 60 nm. 
 
4.4.4. Field measurement 
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GSA concentrations in the field measurements by paralleled WS and SMPS were 
also compared. Fig. 4-10 shows the GSA concentration of the indoor measurement in the 
laboratory for 5 h. For the data presentation, SMPS used both 8 and 64 scanning size bins, 
which respectively represent the lowest and highest size resolution; however, only the 
highest resolution was used for the data analysis in the following discussion. With a 
Pearson correlation coefficient of 0.8302, WS agreed well with SMPS on the trend as 
well as the GSA concentration where the GSA concentrations during the whole 
measurement by both methods were mostly below 50 µm2/cm3. The indoor concentration 
was mostly stable because of no source of emission during the measurement except a 
random particle leak in the laboratory in a short period happened at around 14:15. Again, 
both methods captured this emission episode and agreed well with each other.  
However, SMPS fluctuated much more violently than WS at the low GSA 
concentration, as can be seen in Fig. 10. In fact, the coefficient of variation of the GSA 
concentration during the entire sampling (excluding the emission episode) for SMPS was 
as large as 27%, whereas it was only 10% for WS; while the lowest current (4.8 fA) 
measured by WS was still more than two times of the detection limit of the electrometer 
(~2 fA in Kaufman et al., 2002), the particle number concentration is 900 #/cm3 in 
average and the raw count of CPC was as low as 1 #/cm3 for many size bins of SMPS. 
Consequently, since SMPS derives the GSA concentration from the integral of particle 
number concentration N(d) that could be miscounted and diameter square d2 through the 
whole distribution, the miscounting on raw particle number on every size of particles, 
especially for large particles, may make a significant impact on the estimation of total 
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GSA concentration. For instance, 1#/cm3 raw count of 532.8 nm particles, which may be 
miscounted, took 24% (after converting the raw count of CPC to the size distribution of 
SMPS) of the total GSA at 10:55.  
 
 
Fig. 4-10. GSA concentration of the indoor air in the laboratory.  
 
Fig. 4-11 shows comparison results of the GSA concentration in the ambient air 
measurement. All results presented here are the average of data for every 5 min and the 
overall data showed a pronounced diurnal variation. A building construction happened on 
Monday (6:00–17:00) and concentrations in a large range (100–700 µm2/cm3) were 
detected. Other than the construction, we also experienced light and heavy rain 
(thunderstorm) on Monday and Tuesday (gray zone), respectively. As expected, during 
the rainy period, the concentration decreased dramatically; however, when the rain 
stopped, the concentration rose immediately.  
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The results of both methods were consistent with each other with a Pearson 
correlation coefficient of 0.9585, even though the results from WS were slightly higher 
(125% of SMPS). The fact that the difference in Fig. 4-11 is more apparent than that in 
Fig. 4-10 is not surprising because SMPS only measured particles in the range of 17.5-
532.8 nm (depending on instrument setting) whereas WS had a wider sampling size range 
and measured almost everything it samples and, when sampling ambient air with the 
significant presence of large particles, WS encountered much more GSA concentration 
than SMPS. Although according to the calibration in section 4.2 WS underestimated the 
concentration of particles larger than 300 nm, the size-dependent underestimation still 
made a weaker impact than the wider sampling range of WS over SMPS so that WS 
measured a higher GSA concentration. It is noted that, during and after the heavy rain, 
WS agreed with SMPS much better than other periods because the raindrops scavenged 
the large particles, especially those larger than 1 µm (Slinn, 1984) and thus the effect of 
size-dependent underestimation and measuring range became marginal. 
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Fig. 4-11. GSA concentration of the continuous outdoor sampling.  
 
4.4.5 Application of the WS method 
 
More measurements were conducted by WS and SMPS in parallel to further prove 
that the WS method is suitable for real-time environmental measurement of aerosol GSA 
concentration. The measurements included events of laser printing in the computer 
laboratory, the candle burning in the general laboratory, different processes in the 
machine shop, and an outdoor sampling. The results are shown in Figs. 4-12, 4-13, 4-14, 
and 4-15, respectively. All figures are presented in a concentration-time fashion. Error 
bars in gray are shown for the WS measurements. In general, both methods agree well 
each other on the trend as well as the GSA concentrations that are high in emission 
episodes or low for background noise. When the concentration changed rapidly relative 
to the sampling time required for WS getting a data point that is 5 s, the measured 
concentrations had large uncertainty that can be found in nearly all the figures in this 
section. That is the same case for SMPS and can be checked in the scanned aerosol 
distributions although not shown in the figures. 
Fig. 4-12a shows the GSA concentration over time in the measurement of laser 
printing. Total 4 printings (A, B, C, D) were conducted during the measurement. Black 
plaintexts were printed in A, handouts in color were printed in B, pictures in color were 
	
 
 
 
 
 
 
 
 
 
91 
printed C, and pictures in red were printed in D. It was found that printing pictures in 
color generated more emission than plaintexts with respect to GSA concentration. This 
finding was consistent with the aerosol distributions shown in Fig. 4-12b. Printing pages 
in color generated larger particle (peak size at around 70 nm other than the background) 
than printing plaintexts (peak size at around 30 nm), which leads to a higher GSA 
concentration. When printing plaintexts, the particle size and concentration were close to 
the background.  
 
 
a 
 
b 
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Fig. 4-12. a) GSA concentration from the laser printer b) aerosol size distributions for the 
printing background and events A, B, C, and D, respectively.  
 
Fig. 4-13. shows particle GSA concentration during the candle burning. The 
burning started at 11:20 and stopped at 11:37. Both methods agreed well on almost every 
emission peak and the concentration trend of the aerosol. 
 
Fig. 4-13. GSA concentration from the burning candle. 
 
In Fig. 4-14, GSA concentration with time were measured in the machine shop in 
a chronological sequence. From left to right of Fig. 4-14 were the measurements of 
waterjet cutting, post-welding, sanding, and welding with local exhaust ventilation 
(LEV). For the last measurement, the welding stopped for a period (15:00-15:30). 
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Because different processes happened in different locations of the machine shop, 
background concentrations were different.  
 
The periods of waterjet cutting and sanding were much shorter compared with the 
welding. Although the periods were short, obvious peaks were observed. For the cases of 
waterjet cutting, after welding, and sanding, WS and SMPS captured the peak and agreed 
well with each other on the GSA trend and concentration. However, for the welding case, 
the discrepancy between WS and SMPS was significant, although both methods agreed 
well with each other on the trend and correctly captured every peak.  
 
Fig. 4-14. GSA concentration in the machine shop. 
 
The outdoor GSA concentration was also monitored (Fig. 4-15), because the 
number concentration was very low and changed slowly in this six-hour sampling, SMPS 
fluctuated more severe than WS that was discussed in the last section. Other than the 
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fluctuation, SMPS agreed well with WS on both the trend and magnitude of the 
concentration.  
 
Fig. 4-15. GSA concentration of the outdoor environment. 
 
When interpolating the data, the correlation of results can be studied. The data 
include candle burning, laser printer, outdoor, welding with LEV, waterjet cutting, and 
sanding in the machine shop. 
Although the concentrations covered several decades from 20 to 104 µm2/cm3, that can be 
observed from previous figures, the results all fall to 1:1 line except the case of welding 
with extremely transient emission. As discussed previously, for transient emission, the 
results may not correctly represent the real concentration. 
	
 
 
 
 
 
 
 
 
 
98 
 
Fig. 4-16. Correlation of GSA concentration between WS and SMPS. 
 
4.4.6. Limitations and universal feasibility of the WS method 
Some limitations are worth noting for the WS method: first, the method was 
merely calibrated using spherical particles. Therefore, whether the method or a modified 
one based on this method is capable of measuring arbitrarily shaped particles is unclear 
and more investigations need to be carried out. Furthermore, the fact that WS and SMPS 
assume spherical particles may cause uncertainty when conducting field measurements 
(section 4.4) due to the various morphologies of particles in the environment. Shin et al., 
2010 stated that ratio of the GSA of loose agglomerates (numerically described in Lall & 
Friedlander, 2006) to spherical particles at the same mobility diameter decreases with an 
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increasing mobility diameter, e.g. the ratio is from around 100–70% in the mobility 
diameter from 70 to 200 nm. Secondly, when aerosols were out of working range, the WS 
method had the size-dependent underestimation.  
On the other hand, the WS method showed great improvement with regards to 
GSAM in the author’s earlier study (Cao et al., 2017) where an extra electrostatic 
precipitator was used and the GSA measurement needs to be divided into two separate 
regimes: 20–100 nm and 100–300 nm by an inertial impactor that may cause pressure-
drop problem. By applying the WS method, the measuring range was improved greatly, 
the pressure-drop problem was eliminated, and the operation of the instrument was 
simplified significantly (automated by LabVIEW 15). 
Another concern is that the WS method was only developed based on and 
validated for the presented unipolar charger and thus was tailored to this one. However, 
because of the similarity of the power-law charging status from different unipolar 
diffusion chargers, we assume that the WS method is universally viable for other 
diffusion chargers (including portable ones) with device-specific characterization and WS 
weighting factor. To prove this assumption, more analysis should be carried out in the 
future. Furthermore, the numerical concept of weighted sum combining instrument 
signals could possibly be extended to other research fields and measurement devices to 
create unprecedented measurements based on conventional techniques.  
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4.5 Conclusion 
Prior work has documented several methods to measure particle surface area from 
offline to quasi-real time; SMPS, for example, can derive geometric surface area (GSA) 
concentration from the particle number concentration over size distribution in minutes. 
However, an appropriate approach and real-time monitor of the GSA measurement is 
missing and needed. In this study, we developed the novel weighted sum (WS) method to 
real-time measure the aerosol GSA concentration. 
The principle of the WS method is to linearly combine the electrical currents that 
are from NSAM with two carefully selected trap voltages and correlate the resulted 
current with the aerosol GSA concentration. To validate the WS method, we present its 
results and comparisons with SMPS data in both laboratory testing and field 
measurement. For the laboratory testing, 16 polydisperse aerosols were challenged by 
both methods and the two results agreed well with a Pearson correlation coefficient of 
0.9961; for the indoor and outdoor field measurements, WS and SMPS agreed well with 
each other as well with a Pearson correlation coefficient of 0.8302 and 0.9585, 
respectively. In addition, WS is more stable at the low concentration situation and 
suitable for outdoor environmental measurements. Most notably, this is the first method 
and instrument to our knowledge to real-time deliver aerosol GSA concentration with 
such a wide working range. 
To validate the WS method, we present its results from it and comparisons with 
SMPS data in both laboratory testing and field measurement. For the laboratory testing, 
16 polydisperse even multimodal aerosols were challenged by both methods and the two 
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results agreed well with a Pearson correlation coefficient of 0.9961; for the field 
measurement, WS and SMPS fitted well with each other as well. In addition, WS is more 
stable to the low concentration situation and suitable for outdoor environmental 
measurements. Most notably, this is the first method and instrument to real-time deliver 
aerosol GSA concentration with such a wide working range. 
 
Chapter 5: Accomplishments and recommendations 
5.1 Summary of accomplishments  
The ultimate objective of the thesis is to develop an appropriate method to 
measure the geometric surface area concentration of aerosols in real-time. In the previous 
study, the unipolar diffusion charging is the most promising method to offer real-time 
measurement with respect to the geometric surface area measurement. Therefore, this 
study developed a numerical weighted sum method of combining responses of the 
electrical sensor to achieve aerosol geometric surface area measurement and validated the 
method by challenging it with both synthetic and environmental aerosols. 
Chapter 2 described the development of a discretization method to model the 
capacitance of arbitrarily shaped particles such as 3D random agglomerates and 
aggregates. It was found that elementary charges were mainly distributed in the periphery 
of particles. From the obtained capacitance, the mean charge per particle in the 
continuum regime of charging that was modeled agreed well with previous experimental 
results, which further validates the modelling. In addition, with the discretization method, 
	
 
 
 
 
 
 
 
 
 
102 
the evolution of the capacitance and mean charge for agglomerates undergoing sintering 
was investigated for the first time.  
Chapter 3 described the development of a system (GSAM version I) that can 
quickly deliver the GSA concentration of particles in a wide particle size range, i.e., 16-
300 nm. The approach combines the inertial impaction, unipolar charging, electrostatic 
precipitation, and current measurement in which all the devices were well calibrated. 
Based on different assumptions of the particle size range, GSAM applies to both 
spherical and DLCA-like agglomerate particles with different calibration curves. 
Chapter 4 described the development of the novel weighted sum (WS) method to 
measure the aerosol GSA concentration (GSAM version II) in real-time. The principle of 
the WS method is to linearly combine the electrical currents so that the resulted current 
correlated well with the aerosol GSA concentration. The WS method was validated by 
comparing its results with SMPS data in both laboratory testing and field measurement 
with a good agreement. With this technique, the working range of the instrument is much 
wider and the measurements are much more simplified than the author’s earlier study 
(Cao et al., 2017). In addition, because of no hardware change to the commercialized 
NSAM, the method is friendly to researchers with their own NSAM. In addition, WS is 
more sensitive to the low concentration situation and suitable for outdoor environmental 
measurements. Most notably, this is the first appropriate method and instrument to real-
time deliver aerosol GSA concentration with such a wide working range. 
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5.2 Recommendations 
 
This is the first appropriate method to measure aerosol geometric surface area in real-
time. More work can be conducted to improve the method.  
1. The GSAM using the weighted sum method was calibrated using spherical particles. A 
specific calibration and setting can be done for other specific shapes of particles, e.g., 
diesel or carbon nanotubes, and thus the GSAM can be easily switched to the specific 
mode when the aerosol information is known.  
2. The particle morphology is valuable information for GSAM as well as many other 
instruments; however, it is difficult to determine. In other words, a real-time method 
for particle morphology determination is lacking. The unipolar charging and 
electrostatic precipitation have the potential to determine the particle morphology and 
can be good candidates. However, a systematic and comprehensive approach is needed 
and tests on the particles in various shapes should be carried out to validate the method. 
 
In addition to the improvement of the method/instrument, it can be also applied and 
generalized to facilitate the real-time measurement.  
3. The concept of combining instrument responses in a weighted sum fashion is not 
limited to the GSA measurement and other properties (e.g., particle mass) can be also 
tested; the concept can possibly be extended to other processes (other than charging), 
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devices and fields to create unprecedented measurements based on conventional 
techniques. 
4. There are many commercialized portable electrical sensors using unipolar diffusion 
charging. A portable version of GSAM can be also developed based on the 
commercialized sensors. Therefore, the geometric surface area measurement becomes 
viable for the mobile and workplace exposure measurements where internet of things 
(IOT) and big data become prevalent.  
5. More evidence indicates that the adverse health effect of nanoparticles correlates more 
with particle geometric surface area than number and mass. However, the geometric 
surface area measurements for real-world environments are scarce and very limited 
conclusion about the correlation can be drawn, due to the lack of methods. Luckily, 
more comprehensive measurements using the GSAM can be conducted in the future, 
such as in the occupational and non-occupational environments, data that health 
research can rely on can be obtained. Moreover, regulations will be issued by the 
government with the support of real-world data. 
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